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ABSTRACT: The inner mitochondrial membrane (IMM) proteome plays a central role in maintaining mitochondrial 
physiology and cellular metabolism. Various important biochemical reactions such as oxidative phosphorylation, metabolite 
production, and mitochondrial biogenesis are conducted by the IMM proteome, and mitochondria-targeted therapeutics have 
been developed for IMM proteins, which is deeply related for various human metabolic diseases including cancer and 
neurodegenerative diseases. However, the membrane topology of the IMM proteome remains largely unclear because of the lack 
of methods to evaluate it in live cells in a high-throughput manner. In this article, we reveal the in vivo topological direction of 
135 IMM proteins, using an in situ-generated radical probe with genetically targeted peroxidase (APEX). Owing to the short 
lifetime of phenoxyl radicals generated in situ by submitochondrial targeted APEX and the impermeability of the IMM to small 
molecules, the solvent-exposed tyrosine residues of both the matrix and intermembrane space (IMS) sides of IMM proteins were 
exclusively labeled with the radical probe in live cells by Matrix-APEX and IMS-APEX, respectively and identified by mass 
spectrometry. From this analysis, we confirmed 58 IMM protein topologies and we could determine the topological direction of 
77 IMM proteins whose topology at the IMM has not been fully characterized. We also found several IMM proteins (e.g. 
LETM1 and ОХА1) whose topological information should be revised оп the basis of our results. Overall, our identification of 
structural information on the mitochondrial inner-membrane proteome can provide valuable insights for the architecture and 


connectome of the IMM proteome in live cells. 


Ш INTRODUCTION 


The inner mitochondrial membrane (IMM) is one of the most 
active sites for cellular metabolism. The IMM proteome 
conducts various essential biochemical reactions such as 
oxidative phosphorylation, metabolite production, and mito- 
chondrial biogenesis. Many IMM proteins form macro- 
molecular complexes at the IMM (e.g, OxPhos complex, ^ 
TIM/TOM complex,’ MICOS complex? MCU complex,’ and 
mitochondrial nucleoid complex'®), and the IMM proteins in 
each complex are often coupled with each other to regulate 
mitochondrial physiology.'""" Because abnormal functionality 
of IMM protein complexes are directly connected to various 
human metabolic diseases including cancer, diabetes, aging and 
neurodegenerative diseases, 2715 it is crucial to understand the 
correct architecture of the IMM proteome in live cells for 
efficient development of mitochondria-targeted therapeu- 
tics. ^"" However, there has been no method to reveal the 
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topology of mitochondrial membrane proteins in live cells until 
now. 

Conventional biochemical assays for the topological 
identification of mitochondrial membrane proteins have been 
applied only to purified organelle, and the results were often 
controversial. Furthermore, this method could not be 
employed in a high-throughput manner. Additionally, several 
three-dimensional (3D) protein structure analysis methods 
(e.g., X-ray crystallography and NMR spectroscopy) have been 
employed only for ultrapurified samples." However, these 
techniques are also limited by the quantity, solubility, and 
crystallizability of the protein required for the analyses for other 
membrane protein complexes." Furthermore, all of these in 
vitro samples are evaluated under nonphysiological conditions; 
thus, the structures determined by these methods might not 
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Figure 1. In vivo proteomic topology mapping by LC—MS/MS analysis. (a) Scheme of DBP-labeling method and the identification of labeled site 
for topology mapping. (b) Mapping of DBP-labeled sites on BSA (PDB ID: 3 У03). The labeled sites are marked with different colors according to 
the MS1 intensity of the labeled peptides. (c) Correlation graph between solvent accessible surface area (А?, x-axis) and MSI intensity of labeled 


peptide per labeled sites on BSA. 


perfectly reflect the endogenous protein structure under the 
heterogeneous conditions of live cells (e.g., protein—protein 
interactions, post-translational modifications)” Thus, another 
tool that can orthogonally provide in vivo structural 
information on proteins is required. 

In this article, we introduce a new proteomic architecture 
mapping method by in situ-generated phenoxyl radical probe. 
Owing to the short lifetime (<1 ms) of phenoxyl radical in 
aqueous solution," the radical-labeled tyrosine residues may 
reflect the solvent-exposed sites on the endogenous proteins. 
Moreover, this radical probe can be in situ generated by 
genetically targeted peroxidase (APEX) in subcompartmental 
space of mitochondrion. Thus, the mass spectrometry (MS) 
identification of labeled tyrosine residues provides topological 
information on the labeled proteins at each subcompartmental 
space of the mitochondrion. It is noteworthy that previous 
analyses by using APEX labeling could not resolve structural 
identification because these analyses performed based on the 
unlabeled peptide detection." ~* 
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Topological information can be obtained only by the mass 
spectrometric analysis of directly modified peptides by 
phenoxy] radicals. In previous studies, however, only a handful 
of the labeled peptide were identifed mainly due to poor 
recovery of biotinylated peptides from streptavidin (SA)- 
beads." Consequently, with those lacking number of the 
labeled sites, a thorough investigation about the correlation 
between the MS intensity and the solvent exposure level of the 
labeled peptides could not be carried out. Thus, we designed a 
new chemical probe, desthiobiotin-phenol that enabled more 
efficient recovery and stronger MS intensity of the labeled 
peptides, and applied it to topological mapping of IMM 
proteome. Our new method resulted in significantly compre- 
hensive identification of labeled sites (Spot-ID) from in situ 
labeling of mitochondrial matrix and IMM proteome. With the 
most comprehensive labeled site information so far, we 
expanded and corrected the topological annotation of 
mitochondrial membrane proteins, providing a proteomic 
architecture of IMM proteome in live mammalian cells. 
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Ш RESULTS 


Characterization of the Desthiobiotin-phenol (DBP)- 
Labeling by LC-MS/MS Analysis. The thioether of 
conventional probe, biotin-phenol (BP), in labeled peptides is 
easily oxidized to the sulfoxide group during the radical 
generation reaction, ^"^ which may reduce the signal intensity 
of the labeled peptides and consequently compromises the 
identification of low-abundant or inefficiently labeled proteins. 
In fact, the LC—MS intensity of the oxidized BP-labeled 
peptides on the tyrosine residue (+377 Da) amounted up to 
~20% of the BP-labeled, original peptides (+361 Da) in human 
cell lines (Supporting Figure S1). However, the significant 
sulfur oxidation of BP might be solved by using nonsulfurated 
biotin or desthiobiotin,"/ as desthiobiotin also has a sufficient 
binding affinity to SA. Thus, we synthesized desthiobiotin- 
phenol (DBP) and analyzed its labeled peptides on tyrosine 
residue (+331 Da) in BSA by LC-MS/MS (Figure 1а). Several 
DBP-labeled peptides were identified without any further 
oxidation on DBP, whereas BP-labeled peptides showed an 
oxidized product at the same sequence (Supporting Figure Sla 
and Supporting Data Set 51). Notably, LC-MS/MS analysis 
also indicated that both DBP- and BP-labeled peptides are 
shown multiple times on the chromatogram, suggesting that 
heterogeneous products form during the radical coupling 
reaction (Supporting Figure S1b). 

Before SA-enrichment, DBP-labeled peptides showed com- 
parable MS1 intensity to BP-labeled peptides with the 
identically labeled sites in the 1:1 mixture of BP- and DBP- 
labeled BSA digests (Supporting Figure S2a). This result 
indicates that the global labeling efficiency of DBP-labeling is 
similar to that of BP-labeling. After SA-enrichment, however, 
the relative intensity of DBP-labeled BSA peptides was 
enhanced to ~30% over that of BP-labeled BSA peptides 
(Supporting Figure S2b), whereas the MS2 response of both 
labeled peptides with the identical sequence was very similar in 
terms of fragmentation pattern (Supporting Figure S2c). These 
results from BSA suggest that the improved MS sensitivity of 
DBP-labeling might be mainly attributed to the increased 
elution efficiency of DBP than BP from the SA-beads, not to 
increased labeling efficiency. The relative affinity difference in 
both biotin and desthiobiotin to SA also supports this 
hypothesis. The solid binding affinity (К, = 10° M^!) of 
biotin to SA might be too strong to allow detergent-free elution 
of the biotin-labeled peptides even in the harsh elution 
condition.” However, the lower binding affinity (K, = 10” 
М7!) of desthiobiotin toward SA not only appears to be 
sufficient to bind the labeled peptides to the SA-beads but may 
also enable the labeled peptides to be easily released from the 
SA-beads in the detergent-free elution condition (e.g. 
formamide elution), which is friendly for LC-MS/MS analysis. 
This result supports that the topology mapping based on the 
proximity of labeled sites would be practical in proteomic scale 
using APEX with a DBP probe. 

Furthermore, we found there was a positive correlation 
between the MS1 signal intensity of peptides containing DBP- 
labeled tyrosine and solvent accessible surface area (SASA, À?) 
of the labeled tyrosine in crystal structure of BSA (Figure 1b 
and c). Among the labeled tyrosine residues of BSA, we noted 
solvent-exposed tyrosine residues (Y424, Y475) showed higher 
MSI labeling intensity compared with other buried tyrosine 
residues (Y357, Y376) of BSA. This result implies that DBP 
radical more efficiently reacts with more exposed tyrosine 
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residues and the MS1 intensity level of labeled peptides can be 
used for the rough estimation or comparison of solvent exposed 
surface area of labeled tyrosine. It is noteworthy that Y376, 
which is completely buried Tyr residue (SASA = 0 À?) in BSA 
crystal structure, was also labeled by DBP (Figure 1b and c). 
This result suggests that Y376 might be temporally solvent- 
exposed and could be reacted with DBP radical during dynamic 
structural changes in solution at room temperature." 

Submitochondrial Proteome Mapping by Spot-ID. To 
investigate the reactivity of DBP with subcellularly expressed 
APEX in living cells, we treated various АРЕХ2“ conjugate- 
expressing cells with BP (500 им) and DBP (500 иМ). As 
shown in Supporting Figure 53а, BP and DBP generated 
remarkably similar labeled-protein band patterns, indicating 
that DBP retains comparable membrane permeability and 
reactivity with APEX, and its phenoxyl radical efficiently reacted 
with endogenous proteins as well. To monitor the SA-bead- 
enrichment property of DBP-labeled proteins, BP- and DBP- 
labeled proteome by SCO1-APEX2 were analyzed by SA-HRP 
Western blots before and after enrichment using much more 
harsh elution condition containing SDS detergent than that 
condition for LC-MS/MS analysis, in which both the enriched 
proteome showed similarly strong intensity in SA-HRP 
Western blots (Supporting Figure S3b). This data confirms 
that the binding affinity of DBP is practically sufficient for the 
SA-bead enrichment of labeled protein and the differential LC— 
MS sensitivity of DBP over BP surely comes from the 
difference of elution efficiency between the probes on SA- 
beads, not labeling efficiency, as we described. 

Next, the mitochondrial matrix-targeted (Matrix-APEX2) 
and IMS-targeted LACTB-APEX2 were coupled with DBP- 
labeling to map the labeled sites (Spot-ID). Previously, these 
APEX2s were employed for the proteome mapping of 
submitochondrial spaces based on unlabeled peptide ID; 
hence, the labeling specificity and the coverage of Spot-ID in 
our method could be compared with the previous data зе? 
Furthermore, we employed a new IMS-targeted APEX2, SCO1- 
APEX2, which is localized in the IMS and interacting with the 
cytochrome oxidase complex (Complex IV) as an assembly 
factor! Thus, we attempted to examine whether SCOI- 
APEX2 could generate a different set of labeled sites from those 
of LACTB-APEX2. The expression patterns of Matrix-APEX2, 
and SCOI-APEX2 were imaged by transmission electron 
microscope and each DAB/OsO, staining pattern was well- 
matched to the expected submitochondrial space (Supporting 
Figure S4b).? 

The transiently expressed samples with Matrix-APEX2, 
LACTB-APEX2, SCOI-APEX2 by Lipofectamine 2000 (L2K) 
transfection and the untransfected sample were labeled with 
DBP. From the analysis of this transiently expressed sample 
analysis, we found not only a distinct cluster of labeled sites 
from each submitochondrial targeted APEX2 but also a 
considerable number of labeled peptides from cytosolic 
proteins, which might be labeled during APEX2 translocation 
from cytoplasm to the mitochondria (Supporting Figure S4 and 
Supporting Data Set S2). The labeled sites overlapped between 
Matrix-APEX2 and IMS-APEX2 are practically important as 
"background" labeled sites (e.g, СҮР51А1) for other APEX- 
labeled site identifications (see Supporting Information). We 
expected that these "background" sites could be diminished 
when APEX expression and the concentration of DBP would be 
stringently controlled at low levels in stable cell lines for less 
spurious phenoxyl radical labeling. 
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Figure 2. Identified DBP-labeled sites by APEX2. (a) Overview of 686 DBP- and BP-labeled sites of mitochondrial Matrix-APEX2, LACTB-APEX2 
and SCO1-APEX2 stable cell lines. Тће table shows the findings for each reproducibly labeled site per biological replicate experiment. The color 
intensity represents number of peptide spectra match (PSM) of the labeled peptides per unique labeled site over replicate experiments with various 
APEX2s. Detailed information is shown in the Supporting Data Set 53. (b) Overlaps of identified DBP- and BP-labeled unique sites in parallel 
experiments for Matrix-, LACTB-, and SCO1-APEXs. (с) Mitochondrial specificity check of Groups I to Ш. The number of total labeled sites is 
depicted over the column. (d) Differential MS1 intensity of respectively labeled peptide between 5СО1- and LACTB-APEX2 sample. x-axis: labeled 
site, y-axis: 1002 value of differential peptide MS1 intensity of SCO1 (S) over LACTB (L). (e) Electron microscopic imaging of АСК-У5-АРЕХ2 and 


OCIADI-VS-APEXO2. Scale bar: 1 иш. 


We generated Flp-In T-REx 293 stable cell lines with Matrix- 
APEX2, LACTB-APEX2, and SCO1-APEX2 and performed 
Spot-ID with these cell lines. Labeled sites were assigned when 
they were reproducibly observed in each biological replicate. 
From the analysis of DBP-labeled peptides from six 
independently labeled samples, we identified 608 unique 
DBP-labeled sites, which were reproducibly discovered in 
each replicate of APEX2-labeled samples. We also confirmed 
that DBP showed better depth of coverage (eg, peptide 
spectrum match and unique labeled site number) than by using 
the previous probe (BP) in the parallel experiments by using 
Matrix-APEX2, LACTB-APEX2 and SCO1-APEX2 (Figure 2b 
and Supporting Data Set S3). We clustered four exclusively 
labeled sets (Groups I-IV) of DBP- and BP-labeled tyrosine 
residues (total 686 sites) from the three APEX2s results (Figure 
2a, Supporting Data Set S3). Group I sites (443 sites) were 
exclusively labeled only by Matrix-APEX2, and Group II sites 
(152 sites) were labeled by both LACTB-APEX2 and 5СО1- 
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APEX2, but not by Matrix-APEX2. Over 98% of Group I and 
over 90% Group II sites were mapped on the mitochondrial 
proteins with high mito-specificity (Figure 2c). 

Furthermore, the majority of Group I’s mitochondrial 
proteins were mapped onto mitochondrial matrix or IMM 
proteins (Supporting Data Set 53). Only two IMS proteins, 
РМРТ! (also known as PNPase)" and STOML2"' were 
assigned to Group I. However, PNPT1 has been recently 
reidentified as a mitochondrial matrix protein with supporting 
evidence of EM imaging in the previous study.^' Since we could 
not find any labeled sites of STOML2 by IMS-APEX2, this 
peripheral membrane protein should be localized in the 
mitochondrial matrix. In contrast, we found two matrix proteins 
(NDUFA4 and NDUFBIO, known as matrix-side subunits of 
OxPhos Complex, >2) were reproducibly labeled by IMS- 
APEX2 (Group IL Supporting Data Set S3). From the 
immunoprecipitation experiment, we confirmed that 
NDUFB10 and STOML2 were exclusively DBP-modified in 
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IMS- and Matrix-APEX2 sample, respectively (Supporting 
Figure SSa). This result indicates that our MS-identification 
of these proteins based on the modification site is not false 
positive. Because NDUFA4, NDUFB10 and STOML2 contain 
no predicted transmembrane domain, their submitochondrial 
localization should be revised according to their labeled sites by 
APEXs. 

We also found that CLPB, a known mitochondrial matrix 
chaperone protein," were exclusively labeled by IMS-APEX2. 
For confirmation of CLPB’s localization in mitochondrion, we 
prepared CLPB-APEX2 and examined its biotinylation pattern 
which can tell its submitochondrial localization." We could 
observe very diffusive biotinylated pattern of CLPB-APEX2 
from mitochondria, which supports that CLPB should not be 
localized within the mitochondrial matrix (Supporting Figure 
SSb). Furthermore, analysis of correlations between CLPB- 
APEX2’s biotinylated protein pattern with that of other 
standard submitochondrial-targeted APEX2 constructs (e.g. 
Matrix, SCO1 and TOM20-APEX2s), using Western blot with 
SA-HRP (Supporting Figure SSc and d) revealed a high 
correlation with the pattern observed with SCOI (0.89) and 
low correlations with TOM20 (0.64) and Matrix (0.67), 
indicating that the CLPB C-terminus localized to the IMS 
(Supporting Figure SSe). Thus, our data suggest that CLPB 
should be located at IMS and its function as molecular 
chaperone should be rediscussed in the IMS not in the 
mitochondrial matrix." 

А distinct cluster of labeled sites by either LACTB-APEX2 
(28 sites) or SCO1-APEX2 (58 sites) was also detected in 
Group III (Figure 2a). LACTB-APEX2 exclusively labeled 
more number of cytosolic proteins (e.g, ҮВХІ, YWHAQ), 
whereas 5 СО1-АРЕХ2 labeled inner mitochondrial membrane 
proteins such as OPAI, TIMMI7B and MICUI. Among the 
respectively DBP-labeled peptides by 5СО1-АРЕХ2 and 
LACTB-APEX2 in Group II, several peptides showed 
distinctively differential MS1 signal intensities (Figure 2d). 
For example, SCOI (bait, Y216, Y244), NDUFB7 (Y89) and 
CHCHD4/MIA40 (Ү105) PTGES2 (Y263) and AIFMI 
(Y347) showed reproducibly higher MS1 intensity in SCOI- 
APEX2 than LACTB-APEX2, whereas STARD7 (7171), 
NDUFBS (Ү171) апа ALDOA (Y364) showed higher MS1 
intensity in LACTB-APEX2 than 5СО1-АРЕХ2. Since the 
stronger MSI signal intensity should be originated from more 
efficient DBP labeling which is dependent on proximity, we 
postulated that these differentially labeled proteins including 
exclusively labeled proteins might be considered as a clustered 
proteome that is proximal to 5СО1-АРЕХ2 or to LACTB- 
APEX2 in IMS. 

Among the labeled proteins by IMS-APEXs (LACTB-APEX2 
or SCOI-APEX2), we found several mito-orphan proteins (e.g., 
АСОТІ, SMIM4 and TMEM223, Supporting Data Set 53) and 
a considerable number of mitochondrial proteins still have no 
any submitochondrial annotation, which were labeled either by 
Matrix-APEX2 (Matrix-orphan, Supporting Data Set S3) or 
IMS-APEX2 (IMS-orphan, Supporting Data Set S3). For 
example, AGK is known as a mitochondrial protein without 
submitochondrial annotation and it is exclusively labeled by 
IMS-APEX2, which suggests that AGK should be an IMS 
protein or at least an IMS-exposed domain containing protein. 

For the confirmation of their submitochondrial location, 
AGK-VS-APEX2 and OCIADI-VS-APEX2 (C-term tagged 
APEX2 at the target protein) were constructed and used for 
imaging by electron microscope (EM). The EM images showed 
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that AGK-V5-APEX2 was clearly localized to IMS, while 
OCAIDI-VS-APEX2 was localized to outer mitochondrial 
membrane (OMM) (Figure 2e), indicating its C-terminus 
headed for OMM. Considering the labeled sites (Y25, Y128, 
Y129, Y199, Y210) of OCIAD1 by IMS-APEX2, we postulated 
that OCIADI should contain plausible transmembrane domain 
through OMM. 

TMEM261 Is a Newly Identified Mitochondrial Protein 
in IMS. Notably, we reproducibly found DBP-labeled Y12 of 
ТМЕМ261 (also known as C9orf123) in LACTB-APEX2 and 
SCOI-APEX2 samples, which is a transmembrane (TM) 
protein without subcellular annotation. To confirm its 
subcellular localization, we cloned TMEM261-VS-APEX2 and 
checked its expression and biotin-labeled pattern. Although this 
protein is not currently annotated as a mitochondrial protein,” 
TMEM261-VS-APEX2 showed a clear mitochondrial pattern, 
which overlaid well with the mitochondrial marker protein, 
mito-BFP (Figure 3a). Furthermore, its biotinylation pattern 
was not restricted to mitochondria, indicating the biotinylated 
proteins by TMEM261-APEX2 were diffused from the porous 
outer mitochondrial membrane and this result implies that C- 
terminus of TMEM261 might be localized to IMS or OMM.” 
We also performed transmission electron microscopy (TEM) 
imaging of TMEM261-VS-APEX2, which clearly localized in 
IMS (Figure 3b). This result indicates that the C-terminus of 
ТМЕМ261 is exposed in the IMS (Figure Зс). Considering its 
two expected TM domains, the labeled site (Y12) by IMS- 
APEX2 and ЕМ imaging result of C-term tagged APEX2 at 
TMEM261-APEX2, ТМЕМ261 is likely to be an IMM or 
OMM protein, with its N- and C-terminus exposed to the IMS 
(Figure 3c). 

To understand its role in the mitochondria, we also 
performed Spot-ID experiments with TMEM261-APEX2 stable 
cell line. We collected 470 DBP-labeled sites in TMEM261- 
APEX2 (Supporting Data Set 54) and among these labeled 
sites, ~39% of sites (182 sites) were overlapped with labeled 
sites of IMS-APEX2 (Group II, Figure 3d). In this analysis, we 
could observe again that DBP showed much better depth of 
coverage of labeled sites (total 470 sites) than by using the 
previous probe (BP, total 284 sites) in the parallel experiments 
(Figure 3e and Supporting Data Set S4). Interestingly, 
distinctly labeled sites of endoplasmic reticulum (ER) lumen 
or secretory pathway proteins such as CALU, RCNI, RCN2, 
HSP90B1, PDIA3, and PDIA6 were observed in its exclusively 
labeled sites of TMEM261-APEX2 (Group III, Figure 3d and 
f). The labeled sites of these ER lumen proteins were not 
covered by other IMS-APEX2s or Matrix-APEX2. In further 
analysis, these labeled sites оп ER-lumen proteins were also 
identified by ss-APEX2-KDEL whose APEX is localized at the 
ER lumen, whereas these labeled sites were not covered by 
APEX2-NES whose АРЕХ2 is localized at the cytoplasm 
(Supporting Data Set 55). This result implies that TMEM261 
might be very proximate to the ER-mitochondrion tethered 
junction; 9! thus, its generated DBP radical can diffuse 
efficiently into the ER lumen through OMM (Figure 3g). We 
also found that several DBP-labeled nuclear proteins (e.g. 
DDX3X and RUVBLI) in Group III have known mitochon- 
drial functions.” Thus, it might be intriguing to investigate 
whether functions of nuclear proteins labeled by TMEM261- 
APEX2 are related to mitochondria and nuclear crosstalk ^*^? in 
future studies. 

Interestingly, a recent report suggested this gene is 
significantly overexpressed in human breast cancer in the 
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Figure 3. ТМЕМ261 is a newly identified mitochondrial protein. (а) 
ТМЕМ261-У5-АРЕХ2 labeling imaging; the green channel (anti-V5) 
is for enzyme expression pattern; the red channel (SA-568), for the 
DBP labeling pattern; and the blue channel is for the mitochondrial 
marker mito-BFP. HeLa cell was used for this imaging experiment. 
Scale bar = 10 ит. (b) Electron microscopic imaging of TMEM261- 
VS-APEX2. TMEM261-VS-APEXO2 labeling sites are depicted by blue 
asterisks. Scale bar: 500 nm. (c) The proposed membrane topology of 
ТМЕМ261 in the mitochondrion. (d) Overview of 470 DBP-labeled 
sites of TMEM261-APEX2. The table shows the findings of each 
reproducibly labeled site per biological replicate experiment. The color 
intensity represents number of peptide spectra match of the labeled 
peptides per unique labeled site over replicate experiments. Detailed 
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Figure 3. continued 


information is shown in the Supporting Data Set S4. (e) Overlaps of 
identified DBP- and BP-labeled unique sites in parallel experiments for 
TMEM261-APEX2. (f) Suborganelle specificity of labeled sites in 
Group II and Group Ш. The number of total identified sites with 
subcellular information is depicted over the column. (g) Schematic 
representation of TMEM261 localization in IMS near the ER- 
mitochondrial junction based on the Spot-ID result. 


context of gene copy number amplification. Moreover, we 
found the possibility of TMEM261 as an oncogene in prostate 
cancer from bioinformatics analysis (Supporting Information). 
Thus, further study is required to investigate its physiological 
role related to mitochondrial function in cancer tissues in the 
future. 

In Vivo Membrane Protein Topology Determination 
by Spot-ID. Our Spot-ID results provided valuable informa- 
tion on the topological direction of membrane proteins; due to 
the short lifetime of in situ-generated phenoxyl radicals and the 
high impermeability property of the IMM, the labeled sites 
should be in the same direction as that of targeted APEX. For 
instance, MIC60/IMMT (also known as mitofilin) is a core 
IMM protein component of the MICOS complex," and the N- 
terminus domain (1—46 aa) is localized in the matrix, and the 
C-terminus domain (65—758 aa) is localized in the IMS. The 
33rd tyrosine residue of МІС60 was labeled by Matrix-APEX2 
(Group I), and the 95th, 358th, 543га and 578th tyrosine 
residues of MIC60 were labeled by IMS-APEX2s (Group II and 
III) (Figure 4a). The topological direction of 16 TM including 
MIC60 proteins at IMM were also well-matched with labeled 
sites either by Matrix-APEX2 or IMS-APEX2 (SCO1-APEX2 
and LACTB-APEX2) (Figure 4b and Supporting Figure S6a). 
For peripheral membrane proteins, 26 matrix-localized proteins 
were exclusively labeled by Matrix-APEX2, and 16 IMS- 
localized proteins were exclusively labeled by IMS-APEX2s 
(Figure 4c and Supporting Figure 57а). Given that our labeled 
site accurately reflected its sublocalized spaces, we determined 
the topology of 44 mitochondrial TM proteins at the IMM 
(Figure 4d, h and Supporting Figure S6b) and membrane- 
localized direction of 33 mitochondrial peripheral membrane 
proteins at the IMM (Figure 4e, h and Supporting Figure 575). 

Interestingly, we found that Y17 of UQCRQ was 
reproducibly labeled by Matrix-APEX2 while Y60 and Y78 of 
UQCRQ was reproducibly labeled by ІМ5-АРЕХ2. Although 
UQCRQ contains no reported TM domain in Uniprot, our 
results strongly suggest that UQCRQ should be a TM protein 
at the IMM. Similarly, we also found Y38 of СОХАП was 
labeled by Matrix-APEX2, whereas У126 of COX4I1 was 
labeled by IMS-APEX2. This result also suggests that СОХАП 
should have a single TM domain between 38 and 126 aa at 
IMM. It is noteworthy that the Dense Alignment Surface 
(DAS)-TM analysis” predicted a single transmembrane 
domain for both СОХАП and UQCRQ, consistent with our 
result (Supporting Figure Sóc and d). The proposed topologies 
of these proteins are shown in Figure 4d. 

Among the labeled sites, we observed several OMM proteins 
labeled by IMS-APEX2. For example, MUL1, an OMM 
transmembrane protein with both N- and C-termini exposed 
to the cytosol,” was labeled by IMS-APEX2 at Y173, which is 
exposed to IMS (Figure 4f). We also found that several beta- 
barrel OMM proteins such as VDACI, VDAC2, VDAC3, and 
SAMMSO were labeled by IMS-APEX2. Intriguingly, all four 
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Figure 4. Labeled sites for in vivo protein topology determination. (a) MIC60/IMMT protein topology confirmation by our labeled sites. (b) IMM- 
TM protein topology confirmation. Other confirmed IMM-TM proteins are shown in Supporting Figure S6a. (c) Peripheral membrane protein- 
binding face confirmation by our results. Other confirmed IMM-peripheral membrane proteins are shown in Supporting Figure 57а. (4) Proposed 
membrane topology of IMM-TM proteins of OxPhos complex by our labeled site result. Other proposed IMM-TM proteins are shown in 
Supporting Figure S6b. (e) Proposed membrane-binding face of several peripheral membrane OxPhos complex proteins at the IMM based on the 
labeled sites. Other proposed IMM-peripheral membrane proteins are shown in Supporting Figure 575. (f) Confirmed and proposed orientation of 
OMM proteins based on the sites labeled by IMS-APEX2. N- and C-termini of VDAC1 (PDB ID: 3ENM) and VDAC2 (PDB ID: 4BUM) are 
shown in yellow, and tyrosine residues labeled by IMS-APEX2 are in blue. (g) IMS side of VDAC2 protein. (h) Proposed membrane topology of 
LETMI, ОХАП, STOML2, NDUFA4, and NDUFBIO by our labeled site results. The proposed TM direction is shown in blue. The proposed 
newly identified TM domain is shown in yellow. Either DBP- or BP-labeled sites by Matrix-APEX2 are marked by green circles with "D" or “В” 
respectively, and DBP- or BP-labeled sites by IMS-APEX2 are marked with blue circles with "D" or ^B" respectively. Detailed information is shown in 


the Supporting Data Set S3. 


DBP-labeled tyrosine residues (Y78, Y184, Y236, and Y258) of 
VDAC2 were positioned at the same side of the protein (Figure 
4f and g), indicating that this side of VDAC2 is exposed to IMS. 
Additionally, we could determine that the N- and C-termini of 
VDACI were exposed to IMS based on the labeled site (Y62, 
Y67). Our data proposed that these two VDAC proteins have 
the same orientation based on the sites labeled by IMS-APEX2 
(Figure 4f). Considering that the orientation of VDAC protein 
is still under debate, it is noteworthy that our proposed 
orientation of VDACI is consistent with the previously 
determined orientation of tagged VDACI?'^ and a dynamic 
simulation study of VDACI.? Similarly, for the first time, we 
proposed the orientation of УРАСЗ” and SAMMSO? at 
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OMM based on our labeled sites. Furthermore, the labeled sites 
of VDACI and VDAC2 in our data set, which are located at the 
same side of the structure, supports that these crystal structures 
of VDAC1°° and VDAC2" аге close to their native 
conformation in live cells. 

We also found some results conflicting with previously 
established topologies of IMM membrane proteins such as 
LETMI (Uniprot ID: O95202)” and OXAIL (Uniprot ID: 
Q15070).°° To confirm that the N-terminus domain of LETM1 
containing Y141 is exposed in the mitochondrial matrix, we 
prepared a VS-APEX2-LETMI construct, in which APEX2 is 
inserted between 151-aa and 152-aa of LETMI (Supporting 
Figure S8a). We checked the expressed and biotinylated 
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Figure 5. Labeled sites on the OxPhos complex. (a) Crystal or EM structures of Complex I (PDB ID: SLDW), Complex II (PDB ID: 1ZOY), 
Complex III (РОВ ID: 1BCC), Complex IV (РОВ ID: 1ОСС), and ATP synthase (РОВ ID: 2WSS). The MS-identified subunits were colored with 
different colors, the tyrosine residues labeled by Matrix-APEX2 were colored in green, and the residues labeled by IMS-APEX2 were colored in blue. 
The supernumerary subunits of OxPhos complex that were not characterized by the crystal or EM structures but were identified by either Matrix- 
APEX2 or IMS-APEX2 are shown. (b) IMS side of Complex I (PDB ID: SLDW). Labeled IMS-side-exposed subunits of Complex I are colored with 
various colors and the sites labeled by IMS-APEX2 are colored in blue. The sites labeled by Matrix-APEX2 were shown in Supporting Figure S10. (c) 
Cytochrome ВСІ complex (Complex III, left) and mitochondrial ATP synthase complex (right). The labeled sites are marked with different colors 
according to the MSI intensity of the labeled peptides. (d) Correlation between solvent-accessible surface area (A’, x-axis) and MS1 intensity of 
labeled peptides per labeled site on the crystal structures shown іп (c). The sites labeled by Matrix-APEX2 are colored in green and those by SCOI- 
APEX2 or LACTB-APEX2 are colored in red or blue, respectively. Correlation factor was included in the graph. When the labeled sites are shown in 
multiple times at identical chains, the highest solvent accessible surface area among the identical sites was selected for this graph Detailed information 
on the labeled subunits and labeled residues of theses mitochondrial complexes were shown in Supporting Data Set S6. 


patterns in HEK293T cells, and it showed a good 
mitochondrial pattern and very restricted biotinylated pattern 
(Supporting Figure S8b), which implies APEX2 in this 
construct should be positioned in the mitochondrial matrix." 
In addition, we performed EM imaging ^ of VS-APEX2- 
LETMI, which very clearly showed mitochondrial matrix 
staining (Supporting Figure S8c and d). Thus, we can correct 
that LETMI's N-terminus stretched out to the matrix, not to 
IMS, which concurs with its labeled site (Y141) by Matrix- 
APEX2. When considering the two predicted TM domains 
(204—232 aa and 413-421 aa, Supporting Figure S8e) along 
with its DBP-labeled sites (Y141, Y422, Y598) by Matrix- 
APEXO, we propose that LETMI exhibits the membrane 
topology shown in Supporting Figure S8f. 

Interestingly, the DAS-TM prediction program also indicates 
that OXAIL may contain 4 TM domains (Supporting Figure 
59а), whereas 5 annotated TM domains are shown in Uniprot. 
The number of TM domains is important in membrane 
topology because the odd or even number of TM domains 
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indicates cross-membrane localization or colocalization of N- 
and C-termini of OXALL, respectively. Thus, we sought to 
determine whether OXAIL's N-terminal and C-terminal 
domains localized to the mitochondrial matrix by APEX- 
ЕМ. For this, we prepared ОХА11(1-435 aa)-VS-APEX2 
where У5-АРЕХ2 was conjugated to the C-terminus of full- 
length OXAIL (Supporting Figure S9b). Notably, APEX-EM 
imaging showed clear mitochondrial matrix staining (Support- 
ing Figure S9c). This finding was subsequently confirmed by 
bioinformatics analysis with Mitoprot/^ which predicted that 
N-terminal domain of OXAIL (1—72 aa) harbors a strong 
mitochondrial targeting sequence with over 9796 confidence 
that would be cleaved after mitochondrial translocation. 
Following this result, we prepared OXAIL(1—73 аа)-У5- 
APEX2 where У5-АРЕХ2 was conjugated to the C-terminus of 
the N-terminal OXA1L(1—73 aa) domain construct (Support- 
ing Figure S9b) and found obvious mitochondrial matrix 
localization with APEX2-EM (Supporting Figure S9d). Thus, 
EM imaging with Spot-ID results (Y196) proposed a topology 
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with 4 TM domains (Supporting Figure 59е). We also 
identified that cleavage of OXAIL N-terminal signal peptide 
(1—72aa) occurred by Western blotting (Supporting Figure 
S9f). Our proposed topology of LETMI and other membrane 
proteins (OXAIL, PNPT1, STOML2, NDUFA4, and 
NDUFB10) are displayed in Figure 4h. 

In Vivo Structural Identification of Mitochondrial 
Protein by Spot-ID. In our data set, numerous tyrosine 
residues of OxPhos subunits were identified as labeled sites by 
Matrix- or IMS-APEX2. On the basis of the resulting labeling 
information in matrix or in IMS, the orientation of these 
subunits was proposed (Figure 4). Our proposed topology of 
the OxPhos complex is consistent with the crystal or EM 
structure of these complexes (Figure 5). For example, Complex 
I in mammalian mitochondria, whose structure was recently 
reported by the Hirst group,^ comprises 45 proteins, including 
31 supernumerary subunits. Among these proteins, 21 proteins 
were mapped by both Matrix- and IMS-APEX2, and their 
labeled sites exactly matched either matrix-side or IMS-side 
exposed tyrosine residues on the complex (Figure Sa). 
Interestingly, NDUFB10, which was annotated as a matrix 
protein in Uniprot but was labeled by IMS-APEX2 in our data, 
was positioned at the IMS side in a recently reported Complex 
I structure (Figure Sb).° In other mitochondrial complexes 
(e.g, Complex II, III, and IV and ATP Synthase), > the 
discovered labeled sites were well-matched with the determined 
protein structure in terms of the orientation of the tyrosine 
residue at IMM (Figure 5 and Supporting Figure 510). Given 
that some of our identified protein topology of OxPhos 
complex subunits are indeed well-supported by identified 
crystal structures of OxPhos complex, our proposed membrane 
topologies of other IMM and OMM proteins should be 
considered as a true positive resource (Supporting Data Set 
S7). 

We also found that the labeled sites were primarily localized 
at the surface-exposed subunits of the complexes. For instance, 
none of the core membrane subunit proteins (e.g, ND1, ND2, 
ND3, and ND4) of Complex I were labeled by either APEX, 
but the supernumerary subunits (e.g, NDUFA3, NDUFAS, 
NDUFAI13, NDUFABI, NDUFB4, NDUFBS, NDUFB6, 
NDUFB7, NDUFB8, NDUFB9, NDUFB10, and NDUFC2), 
which are components for building a cage structure around the 
core membrane subunits, were found to be labeled by APEX2 
(Figure Sb and Supporting Figure $10). This result indicates 
that the solvent-accessible protein subunits were preferentially 
labeled by APEX over the structurally buried protein subunits 
in the complex. There are several supernumerary subunits of 
OxPhos complex that were not characterized by the atomic 
structures but identified in our study. The topological direction 
of those accessory subunits (e.g; NDUFAF1, NDUFAF2, 
NDUFAF3, NDUFAF4, NDUFAF7, TIMMDCI/C3orfl, 
TMEMI26B for Complex I; UQCCI for Complex П; 
TTCI9 for Complex III, NDUFA4, СОХбА1, COX7A2L, 
5СО1 SCO2, CMC2, ТАСО1, LRPPRC for Complex IV; 
ATPSI, ATPSL, ATPSS, АТРАЕ1, ATPAII for ATP Synthase) 
are proposed in Figure 5a and Supporting Figure 511. 

As we described in Figure 1c, the short-lived phenoxyl radical 
tends to react on the protein surface tyrosine residue in a 
simple in vitro experiment. We further examined a correlation 
between the surface exposure level and the MS intensity of 
labeled peptides in the living cells by matching several identified 
sites with the crystal structure of mitochondrial macromolecular 
protein complexes. As shown in Figure 5, we marked the 
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identified tyrosine residues on the ATP Synthase and 
cytochrome BC1 complex (also known as Complex III) with 
differential color codes according to the MS1 intensity (Figure 
5с). We observed that more exposed residues (e.g, Y35 and 
Y82 of ATPSO; Y257 of UQCRCI) were more strongly 
labeled than other tyrosine residues. In this macromolecular 
complex, a positive correlation between MS1 signal intensity of 
the labeled sites and its exposure level (solvent accessible 
surface area, А?) was also observed (Figure 5d). Interestingly, а 
couple of the labeled sites with considerably high MS1 intensity 
were not fully exposed on the surface. For example, Y17 of 
UQCRQ possesses a negligible solvent accessible surface area 
(2.7 А?) in the crystal structure, however, its labeled peptide 
showed the highest MS1 intensity (4.8 x 10%) among the 
labeled tyrosine residues of cytochrome BC complex. Since the 
protein structure can be dynamically changed by interaction 
with other proteins or post-translational modification, we 
postulated that this site might be exposed to solvent in their 
dynamic native structure and followed by phenoxyl radical 
labeling. Thus, we postulated that the MS intensity of our Spot- 
ID peptides can reflect the native dynamic structure of protein 
in a living cellular context. 65 


Ш DISCUSSION 


We found our proposed topologies of mitochondrial membrane 
proteins can provide insights for physically interacting domain 
within certain mitochondrial complexes. For example, it was 
reported that OXALL interacted with mitochondrial ribosome 
in the matrix with its C-terminus; 9 however, our identified 
topologies of OXAIL propose that its N-terminus should 
interact with mitochondrial ribosome (Supporting Figure S12). 
Because OXALL plays a major role in nuclear-encoded protein 
translocation from the cytosol, ^^ our result supports that C- 
terminus of OXALL should interact with its substrate proteins 
at the IMS side. Interestingly, our proposed topologies of PHB 
(IMS-side) and STOML2 (matrix-side) hypothesizes whether 
these two protein interaction "* should be mediated by a IMM- 
TM protein (e.g, ATAD3A) at IMM. Our proposed 
connectome of protein subunits in other mitochondrial 
macromolecular complexes at IMM (e.g, TIM23 complex, 
MICOS complex PHB complex) are shown in Supporting 
Figure 512. 

Compared to previous identification results based on SILAC 
ratio of the unlabeled peptides" our Spot-ID approach 
showed lower numbers of identified proteins (Supporting 
Figure S13b); however, previously identified results contain 
false positives due to the indirect determination of proximity 
labeled proteins, as we described. For example, CHCHD3 ва 
mitochondrial peripheral membrane protein at IMS-side, 
however, it was previously identified as a mitochondrial matrix 
protein by Matrix-APEX."' In current study, we did not observe 
any labeled peptide of CHCHD3 reported by Matrix-APEX2, 
while multiple labeled peptides of CHCHD3 were detected by 
LACTB-, SCO1-, or ТМЕМ261-АРЕХ25, with strong MSI 
intensity. From the immunoprecipitation experiment, we 
confirmed that CHCHD3 was not labeled in the Matrix- 
APEX2 sample, whereas it was strongly labeled by either 
LACTB-APEX2 or SCO1-APEX2 (Supporting Figure S13c). It 
is possible that CHCHD3 was mis-annotated as a matrix 
protein in previous study via the strong interaction with 
biotinylated transmembrane protein (e.g. MIC60)°” at the 
matrix-side by Matrix-APEX (Supporting Figure 5134). Like- 
wise other peripheral IMM proteins (e.g, АТР5), COXSA and 
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COXSB) with labeled sites from Matrix-APEX2 in this study, 
but previously annotated as IMS proteins, > should be regarded 
as matrix proteins. Overall, this analysis supports that our 
proposed submitochondrial localization of ~250 mito-orphan 
proteins should be considered as a true resource for the spatial- 
resolved clustered proteome within the mitochondrion 
(Supporting Data Set 53). We also found that the coverage 
of labeled peptides by Spot-ID workflow with DBP (Supporting 
Figure 513е) were significantly higher than that of previously 
identified BP-labeled peptides with low false discovery rate 
(Supporting Figure $13). 

The MS signal enhancement after enrichment in DBP- 
labeling over BP-labeling was observed in APEX2-labeled 
human cell line sample. The MS signal gain of DBP-labeled 
peptides was ranging up to >10-fold higher than that of BP- 
labeled peptides for ~80% of labeled peptides and was not 
dependent on protein abundance (Supporting Figure 514а). 
Overall, the DBP-labeling clearly resulted in a higher number of 
identified spectra (435—9796), and unique labeled sites (+41— 
11296) than BP-labeling method in human cell lines 
(Supporting Figure S14b). In addition, the MS signal intensity 
of the DBP-labeled peptides was highly reproducible between 
the replicates (Supporting Figure S14c). 

We also performed a Spot-ID analysis by using ss-APEX2- 
KDEL and found that various ER luminal proteins were labeled 
by this construct (Supporting Figure S15 and Supporting Data 
Set 55). This result indicates that our DBP-APEX method 
universally works in other subcellular compartments, in contrast 
to other proximity labeling methods using promiscuous biotin 
ligase (pBirA), which is less active in the secretory pathway."' 
Compared with the same mitochondrial targeting sequence of 
Matrix-APEX2, we also found that translocation of pBirA to the 
mitochondrial matrix was not efficient (Supporting Figure S16). 
Other in vivo membrane topology identification methods using 
enzymatic glycosylation^" are limited to the secretory pathway 
and cannot be employed in other subcellular spaces such as the 
mitochondrion. 

Notably, conventional biochemical analysis by proteinase K 
digestion and digitonin treatment showed that NDUFB10 and 
STOML2 localized to the mitochondrial matrix and IMS, 
repectively, and this results are inconsistent with that 
determined by Spot-ID (Supporting Figure S17). However, 
the recently characterized Complex I^ atomic structure 
provided clear evidence that NDUFBIO is located in the 
IMS. In addition, the proteinase K/digitonin preparation 
method may have also resulted in incorrect conclusions on 
the number of transmembrane domains in OXAIL charac- 
terized in a previous study.’ Thus, we assert that our Spot-ID 
method may provide more reliable results for submitochondrial 
protein localization and membrane topology analysis than 
conventional biochemical assays. 

Technically, our Spot-ID approach is conceptually similar to 
chemical modification methods that have been employed for 
membrane protein topology identification” or for probing 
solvent accessible residues оп the protein surface using 
reactive biotin-probes.'^ In contrast to the radical probe in the 
APEX system, however, conventional probes such as biotin 
ester or biotin maleimide have a much longer lifetime in 
aqueous solution (у = 15 min to 2 h), thus, these probes are 
not compatible for spatiotemporal protein labeling in a specific 
intracellular compartment of the live cell. Therefore, to the best 
of our knowledge, our approach might be the only currently 
available method to identify the proteomic topology of 
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mitochondrial membrane proteins in a high-throughput 
manner. Furthermore, our Spot-ID method can be potentially 
employed to map other types of subcellular proteomic topology 
in live cells. 

In conclusion, we developed a new approach to map 
phenoxyl-radical labeled sites using a newly designed chemical 
probe for APEX labeling. We found that our new method, 
Spot-ID, provided unbiased mapping results with higher spatial 
resolution than the previous indirect identification approach. 
Furthermore, the labeled sites on the protein provided valuable 
structural information, such the topological orientation of 
membrane proteins or surface-exposed residues of endogenous 
proteins in live cells, which was largely unobtainable by 
traditional chemical or biological methods. In this study, we 
were able to confirm and propose the membrane topologies of 
135 IMM proteins and 4 beta-barrel OMM proteins. Our 
proposed topology of subunits of OxPhos complex are 
consistent with that of macromolecular complexes previously 
identified by EM or X-ray crystallography, which supports our 
proposed topologies for other mitochondrial proteins. We also 
found a positive correlation between the MS intensity of 
labeled peptides and their solvent-exposed level in the crystal 
structure. Overall, all of these data support that our approach 
can identify the in vivo structural topology of the subcellular 
proteome in live cells. 


Ш EXPERIMENTAL PROCEDURES 


Desthiobiotin-Phenol Synthesis. Desthiobiotin (100 mg) was 
dissolved in 2 mL DMSO (dimethyl sulfoxide) at room temperature. 
1.1 equiv of HATU (2-(7-aza-1H-benzotriazole-1-yl)-1,1,3,3-tetrame- 
thyluronium hexafluorophosphate) and 2.0 equiv of DIPEA (N,N- 
diisopropylethylamine) were added into the solution. The mixture was 
stirred for 10 min at room temperature. Then 2.0 equiv of the 
tyramine was added. The reaction mixture was stirred overnight at 
room temperature. Detail product purification method and chemical 
characterization data are shown in Supporting Information. 

Stable Cell Line Selection and Culturing. Flp-In T-REx 293 
cells (Life Technologies) were transfected using Lipofectamine 2000 
(Life Technologies), typically with 20 uL Lipofectamine 2000 and 
4000 ng plasmid (9:1 = pOG44:pCDNAS) per Т25 flask. After 24 h, 
cells were cultured and selected with hygromycin B (100-200 g/mL) 
for 2-3 weeks. To induce the protein expression in stable cells, cells 
were treated with 100 ng/mL doxycycline. Cells were desthiobiotin- 
phenol-labeled and lysed 18—24 h after induction. Detail information 
is shown in Supporting Information. 

Desthiobiotin-Phenol Labeling in Stably Expressed APEX 
Cell Line. The stable cells were incubated with 250 иМ desthiobiotin- 
phenol or biotin-phenol. at 37 °C under 5% CO, for 30 min. 
Afterward, 750 uL of 10 mM H,O, (diluted from 30% Н,О,, Sigma- 
Aldrich H1009) was added to each flask, for a final concentration of 1 
mM H,O,, and the flasks were gently agitated for 1 min at room 
temperature. The reaction was then quenched by adding 7.5 mL of 
DPBS containing 10 mM Trolox, 20 mM sodium azide, and 20 mM 
sodium ascorbate to each flask. Then, cells were washed three times 
with cold quenching solution (DPBS containing 5 mM Trolox, 10 mM 
sodium azide, and 10 mM sodium ascorbate) and lysed with 1.5 mL 
RIPA lysis buffer (50 mM Tris, 150 mM NaCl, 0.1% SDS, 0.5% 
sodium deoxycholate, 1% Triton X-100), 1 Х protease cocktail, 1 mM 
PMSF (phenylmethylsulfonyl fluoride), 10 mM sodium azide, 10 mM 
sodium ascorbate, and 5 mM Trolox for 10 min at 4 °C. Lysates were 
clarified by centrifugation at 15 000g for 10 min at 4 °C. Detail 
information is shown in Supporting Information. 

Labeled Peptide Enrichment. For removal of unreacted free 
desthiobiotin-phenol or biotin-phenol, cell lysates was moved into 
Amicon filter (Merck Millipore, 10 kDa-off) followed by centrifugation 
at 7500g for 15 min at 4 °C. PBS (phosphate-buffered saline) 
containing 1 mM PMSF and 1 X protease cocktail was added up to 4 
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mL followed by centrifugation three more times. Finally, the cell 
lysates was transferred to an Eppendorf tube and mixed with 300 „1, of 
streptavidin beads (Pierce). The sample was rotated for 1 h at room 
temperature and washed twice with PBS. After removing the PBS, 100 
HL of denaturing solution (6 M urea, 2 M thiourea, 10 mM HEPES) 
was added and reduced using 20 uL of 100 mM DTT (dithiothreitol) 
in 50 mM ammonium bicarbonate (ABC) buffer for 60 min at 56 °С 
using a Thermomixer (Eppendorf). Protein alkylation was performed 
by adding 35 uL of 300 mM iodoacetamide in 50 mM ABC buffer with 
shaking in the dark for 30 min. Afterward, trypsin gold (Promega) was 
added.to the solution and incubated at 37 °С with shaking for 
overnight. Afterward, formic acid was added to terminate the trypsin 
reaction and the beads were washed with PBS four times and eluted by 
boiling at 95 °C for 10 min after adding 250 uL of 95% formamide, 10 
mM EDTA, pH 8.2. Eluted peptide samples was desalted with Varian 
Bond ELUT (Agilent, 12109301) and home-made column. Detailed 
information for desalting and LC-MS/MS is described in Supporting 
Information. 

LC-MS/MS Data Processing. АП MS/MS data were searched by 
М$-СЕ+ algorithm 374 (у.9979) апа MaxQuant (version 1.5.3.30) 
with Andromeda ° search engine at 10 ppm of precursor ion mass 
tolerance against the SwissProt Homo sapiens proteome database 
(20199 entries, UniProt (http://www.uniprot.org/)). The False 
discovery rate (FDR) was set at <1% for peptide spectrum match 
including unlabeled peptides for both search algorithms. FDR less than 
1% was obtained for unique labeled peptide and unique labeled 
protein level as well. The extracted ion chromatogram (XIC) was 
plotted by Qual Browser in Xcalibur software (Thermo Scientific). 
Detail information is described in Supporting Information. 
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Supporting Table 1. Construct Information 


Name Features Promotor | Details 
(expected / 
size) Vector 
Mito-V5- NotI-Mito- CMV/ Mito-: 
APEX2 BamHI-V5- pcDNA3 | MLATRVFSLVGKRAISTSVCVRAH (matrix 
(unprocesse | APEX2-Stop- targeting sequence, Fornuskova et al., 2010) 
d:32 kDa, | Xhol 
processed: 
29 kDa) 
Mito-V5- KpnI-Mito- CMV/ Mito-: 
APEX2 ВатН!-У5- pcDNAs5 | MLATRVFSLVGKRAISTSVCVRAH (matrix 
(unprocesse | APEX2-Stop- targeting sequence, Fornuskova et al., 2010) 
d:32 kDa, | Мон 
ргосеззед: 
29 kDa) 
ГАСТВ- NotI-LACTB- CMV/ LACTB¢-68): 
Flag- BamHI-Flag- pcDNA3 | MYRLLSSVTARAAATAGPAWD 
APEX2* APEX2-Stop- GGRRGAHRRPGLPVLGLGWAG 
(unprocesse | Xhol GLGLGLGLALGAKLVVGLRGA 
d: 35 kDa, VPIOS (IMS targeting signal, Polianskyte et al., 
processed: 2009) 
29 kDa) 
LACTB-V5- | KpnI-LACTB- | CMV/ LACTB,.es): 
APEX2 BamHI-V5- pcDNAs5 | MYRLLSSVTARAAATAGPAWD 
(unprocesse | APEX2-Stop- GGRRGAHRRPGLPVLGLGWAG 
d:35 kDa, | NotI GLGLGLGLALGAKLVVGLRGA 
processed: VPIQS (IMS targeting signal, Polianskyte et al., 
29 kDa) 2009) 
Scol-Vs5- | KpnI-Scol- CMV/ Sco1 (NM. 004589) 
APEX2* ВатН!-У5- pcDNA3 
(unprocesse | APEX2-Stop- 
d:62 kDa, | XhoI 
processed: 
59 kDa) 
Scol-V5- | HindIII-Scol- CMV/ Sco1 (ММ_004589) 
APEX2 BamHI-V5- pcDNAs5 
(unprocesse | APEX2-Stop- 
d:62 kDa, | XhoI 
processed: 
59 kDa) 
ТМЕМ261- | HindIII- CMV/ TMEM261 (NM. 033428.2) 
Vs-APEX2 | TMEM261- pcDNAs5 
(unprocesse | BamHI-V5- 
d: 42.8 kDa) | APEX2-Stop- 
Xhol 
Tom20-V5- | NotI-Tom2o-10 | CMV/ 10 aa linker : 
APEX2* aa linker-NhelI- | pcDNA3 | GGSGDPPVAT 


-S2- 


(45.7 kDa) | V5-APEX2- Tom20 (NM_014765.2) 
Stop-Xhol 
TRMT61B- | Хон- CMV/ TRMT61B (NM. 017910), 
V5-APEX2* | ТКМТ61В- рсОМАз 
(81.5 kDa) | Nhel-V5- 
APEX2-Stop- 
Xbal 
АТР5)-У5- | NotI-ATP5J- CMV/ АТР5) (ММ_001685), 
APEX2 BamHI-V5- pcDNA3 
(unprocesse | APEX2-Stop- 
d: 41.2 kDa, | XhoI 
processed: 
37.2 kDa) 
MGST3-V5- | NotI-MGST3- CMV/ MGST3 (NM_004528) 
APEX2* BamHI-V5- pcDNA3 
(451 kDa) | APEX2-Stop- 
Xhol 
Pdki-V5- | NotI-Pdki-10 aa | CMV/ Pdki (NM_002610) 
APEX2* linker-Nhel- pcDNA3 
(unprocesse | V5-APEX2- 
d, 81.5 kDa, | Stop-XhoI 
processed: 
76.0 kDa) 
V5-APEX2- | NotI-V5- CMV/ бесбіВ (NM. 006808)* 
Sec61B* APEX2-Nhel- pcDNA3 
(38.6 kDa) | Sec61B-Stop- 
Хћо1 
бесбіВ-У5- | NotI-Sec61B- СМУ/ Sec61B (NM. 006808)* 
APEX2* Nhel-V5- pcDNA3 
(38.5 kDa) | APEX2-Stop- 
Xbal 
ss-APEX2- | EcoRV-ss-HA- CMV/ ss: METDTLLLWVLLLWVPGSTGD (Џек chain 
V5-KDEL* | Apal-APEX2- pDisplay | leader sequence for ER lumen) 
(unprocesse | V5-KDEL-Stop- KDEL: ER retention motif* 
а: 31.8 kDa, | Мон 
processed: 
29.5 kDa) 
V5-APEX2- | NotI-V5- CMV/ NES: LQLPPLERLTLD (nuclear exclusion 
NES* APEX2-NES- pcDNAs | signal)* 
(29.8 kDa) | Stop-XhoI 
V5-APEX2- | HindIII-LETM | CMV/ ТЕТМІ (1-151 aa): 
LETM1 (1-151 аа)-Мон- | pcDNA5_ | MASILLRSCRGRAPARLPPPPRYTVPRGSPGDPA 
(112.9 kDa) | V5-APEX2- HLSCASTLGLRNCLNVPFGCCTPIHPVYTSSRG 
Nhel-10aa DHLGCWALRPECLRIVSRAPWTSTSVGFVAVGP 
linker- QCLPVRGWHSSRPVRDDSVVEKSLKSLKDKNK 
LETM1(152-739 KLEEGGPVYSPPAEVVVKK (LETMi N-terminal 
aa)-Stop-XhoI domain) 
OCIAD1-Vs5- | HindIII- CMV/ AP : GLNDIFEAQKIEWHE (Acceptor peptide) 
APEX2-AP | OCIADI- рсОМА5 
(58.2 kDa) | ВатНГ-У5- 
APEX2-AP- 
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Stop-Xhol 


CLPB-Vs- | HindIII-CLPB- |CMV/ _ | АР: GLNDIFEAQKIEWHE (Acceptor peptide) 


APEX2-AP | BamHI-V5- pcDNAs5 
(109.3 kDa) | APEX2-AP- 
Stop-Xhol 
Mito-pBirA- | HindIII-Mito- | CMV/ Mito-: 
HA BamHI-BirA- рсрма5 | MLATRVFSLVGKRAISTSVCVRAH (matrix 

(unprocesse | HA-Stop-XhoI targeting sequence, Fornuskova et al., 2010) 

d: 39 kDa, 

processed: 

36 kDa) 


OXAiL(-73 | KpnI-OXAiLQ- | CMV/ ММ_005015.3 
аа)-М5- 73  aa)-Nhel- | pcDNA5 
APEX2 V5-APEX2- 

(unprocesse | Stop-NotI 
d: 37 kDa, 
processed: 
29 kDa) 


OXA1L(1-435 | KpnI-OXAi1L(Q- | CMV/ ММ_005015.3 
аа)-У5- 435 аа)-У5- | pcDNA5 
APEX2 APEX2-Stop- 

(unprocesse | NotI 
4: 77 kDa, 

processed: 
69 kDa) 


The nuclear export sequence, NES (LQLPPLERLTLD), was derived from residues 6-17 of the HIV-1 Rev 
protein3o. The ER-targeted Сі sequence was derived from the N-terminal 27 amino acids of rabbit P450 Сі 
(MDPVVVLGLCLSCLLLLSLWKQSYGGG). Protein processed size during translocation was obtained by 
programs: Mitoprot  (http://ihg.gsf.de/ihg/mitoprot.html or  Mitoprot software is available by: 


ftp://ftp.biologie.ens.fr/pub/molbio) and SignalP 4.1 Server? (http://www.cbs.dtu.dk/services/SignalP/) . 


“Тһе imaging pattern of these constructs was previously characterized in Lee et al, Cell Rep. 2016, 15, 1837-1847. 
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Supporting Experimental Procedures 


Desthiobiotin-phenol synthesis: Desthiobiotin (100 mg) was dissolved in 2 mL DMSO (dimethyl 
sulfoxide) at room temperature. 1.1 equivalents of HATU (2-(7-aza-1H-benzotriazole-1-yl)-1,1,3,3- 
tetramethyluronium _ ћехаћиогорћозрћаје) and 2.0 equivalents of DIPEA (М,М- 
diisopropylethylamine) were added into the solution. The mixture was stirred for 10 min at room 
temperature. Then 2.0 equivalent of the tyramine was added. The reaction mixture was stirred 
overnight at room temperature. Products were purified by preparative HPLC using a C18 reverse 
phase column with a 5-95% gradient of acetonitrile in water for 40 min. Products eluted around 20 
min. Product yields were ~70%. ‘H-NMR (доо MHz, d4-Methanol):5 1.10 (3H,d,J = 6.5 Hz), 1.30-1.46 
(8H,m), 1.57 (2H,m), 2.14(2H,t,J = 7.5 Hz), 2.68 (2H,t,J = 7.5 Hz), 3.35 (2H,m), 3.77 (1H,m), 3.81 (1H,m), 
6.70 (2H, d, J = 8 Hz), 7.02 (2H, d, J = 8 Hz). 5C-NMR (100 MHz, d6-DMSO): 6 15.508, 25.212, 25.591, 
28.710, 29.522, 34.439, 35.371, 40.433, 50.259, 55.016, 115.049, 129.450, 129.564, 155.581, 162.865, 171.963, 
HMRS m/z (Св На МО): theoretical: 334.2131, observed: 334.2136, 
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OH 
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B OH 
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DMSO desthiobiotin-phenol 


desthiobiotin 


Biotin-phenol was synthesized and characterized by following reported procedure (Rhee and Zou et 
al, Science, 2013, 339, 1328-1331). All chemicals and reagents were purchased from Sigma-Aldrich and 
Alfa Aesar. 


Stable cell line selection and culturing. Flp-In™ T-REx™ 293 cells (Life Technologies) were 
cultured in DMEM (Gibco) supplemented with 1096 FBS, 2 mM r-glutamine, 50 units/mL penicillin, 
and so pg/ml streptomycin at 37°C under 5% СО,. Cells were grown in a T25 flask. Stable cell lines 
were generated by co-transfection with the pcDNA""5/FRT/TO expression construct and the pOG44 
plasmid. Cells were transfected at 60-8096 confluence using Lipofectamine 2000 (Life Technologies), 
typically with 20 pL Lipofectamine 2,000 and 4,000 ng plasmid (ол = pOG44:pcDNAS) per T25 flask. 
After 24 h, cells were split into a go mm cell culture dish (SPL, подо) with the proper concentration of 
hygromycin B (100-200 pg/mL). Media containing hygromycin B were changed every 3-4 days. After 
2-3 weeks, 3-4 colonies were selected and transferred to a 24-well plate. Cells were continuously split 
into larger plates, and a cell stock was made. After splitting the cells into a 6-well plate, separate 
samples were prepared for expression testing. To induce the protein expression in stable cells, cells at 
60-8096 confluence were treated with 100 ng/mL doxycycline (Sigma Aldrich). Cells were 
desthiobiotin-phenol-labeled and lysed 18-24 h after induction. 


Desthiobiotin-phenol (and biotin-phenol) labeling in stably expressed APEX cell line. Stable 
cells were grown in four T75 flasks. Cells were induced with doxycycline at 60-8096 confluence. 
After 18-24 h, the medium in each flask was changed to 7.5 mL of fresh growth medium containing 
250 ИМ desthiobiotin-phenol or biotin-phenol. All DBP and BP parallel experiments were performed 
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simultaneously with same protocol. The flasks were incubated at 37°C under 5% СО, for 30 min 
according to previously published protocols. Afterwards, 750 uL of io mM Н.О, (diluted from 30% 
H-O., Sigma Aldrich H1009) was added to each flask, for a final concentration of 1 mM ЊО,, and 
the flasks were gently agitated for 1 min at room temperature. The reaction was then quenched by 
adding 7.5 mL of DPBS containing 10 mM Trolox, 20 mM sodium azide, and 20 mM sodium 
ascorbate to each flask. Then, the solution was removed, and the cells were washed three times with 
cold quenching solution (DPBS containing 5 mM Trolox, 10 mM sodium azide, and 10 mM sodium 
ascorbate). Cells were detached using of cold quenching solution and centrifuged at 1,500 x g for 5 
min at 4?C. Cells were resuspended with fresh cold quenching solution and centrifuged again. Cells 
from one flask were lysed with 1.5 mL RIPA lysis buffer (50 mM Tris, 150 mM NaCl, 0.1% SDS, 0.5% 
sodium deoxycholate, 196 Triton X-100), 1 x protease cocktail (Sigma Aldrich, P8849), 1 mM PMSF 
(phenylmethylsulfonyl fluoride), 10 mM sodium azide, 10 mM sodium ascorbate, and 5 mM Trolox 
for 10 min at 4?C. Lysates were clarified by centrifugation at 15,000 x g for 20 min at 4?C. Then, the 
four T75 flask samples were combined (~6 mL). 


Labeled peptide enrichment. For removal of unreacted free desthiobiotin-phenol or biotin-phenol, 
6 mL of cell lysates was divided into two Amicon filter (Merck Millipore, UFC801096) followed by 
centrifugation at 7500 x g for 15 min at 4 "С. PBS (phosphate-buffered saline) containing 1 mM PMSF 
and 1 x protease cocktail was added up to 4 mL followed by centrifugation three more times. Finally, 
the volume of the cell lysates was reduced to ~1 mL and transferred to an Eppendorf tube. Then, 300 
uL of streptavidin beads (Pierce) was washed with PBS three times and added to the sample. The 
sample was rotated for 1 h at room temperature. The flow-through fraction was kept, and the beads 
were washed twice with PBS. After removing the PBS, 100 uL of denaturing solution (6 M urea, 2 M 
thiourea, 10 mM HEPES) was added. The solution was reduced using 20 pL of ioo mM DTT 
(dithiothreitol) in 5o mM ammonium bicarbonate (ABC) with shaking at 900 rpm for бо min at 56°С 
using a Thermomixer (Eppendorf). Protein alkylation was performed by adding 35 uL of зоо mM 
iodoacetamide in 50 mM ABC with shaking at 900 rpm in the dark for 30 min. The final reaction 
volume was adjusted with so mM ABC to 1,000 pL. Then, 8 uL of 1 mg/mL trypsin gold in acetic acid 
(Promega, V5280) was added. The solution was incubated at 37?C with shaking at 900 rpm overnight. 
The supernatant was transferred to another Eppendorf tube, and 1 uL of formic acid was added to 
terminate the reaction. The beads were washed with PBS four times and eluted by boiling at 95?C for 
10 min after adding 250 uL of 95% formamide, 10 mM EDTA, pH 8.2. Then, divided samples were 
combined into one e-tube and 1 ml of 3% acetonitrile/0.196 formic acid (v/v) was added. The solution 
was desalted with Varian Bond ELUT (Agilent, 12109301) and home-made column. 


Реза пе. Varian Bond ELUT was activated with 1 mL 3% acetonitrile/o.1% formic acid, 1 mL 100% 
acetonitrile, and 2 mL 396 acetonitrile/o.1% formic acid (v/v). Then, the sample was added to the 
column for binding (х 2). The column was washed using 2 mL 3% acetonitrile/o.196 formic acid (v/v). 
It was then eluted with 1.4 mL 70% acetonitrile/o.1% formic acid (v/v) and 500 pL of 10096 acetonitrile. 
The eluted fraction was dried. Dried samples were redissolved in the 0.196 formic acid. 


A home-made column was used for obtaining more clean samples. The end of a 2oo-uL, Eppendorf 
tip was blocked with a 3M Empore C8 disk (3M Bioanalytical Technologies, 2214) and ~5 mg of 
POROS Oigo R2 reversed phase resin (Applied Biosystems, 1-1159-06) was added. The column was 
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activated by sequential centrifugation at 1000 x g with 100 pL of 3 96 acetonitrile/o.1 96 formic acid 
(v/v), 100 uL of 100 96 acetonitrile, and 200 uL of 3 96 acetonitrile/o.1 % formic acid (v/v). Then, the 
samples іп the ол 96 formic acid were added to the column. The column was washed using 200 pL of 
3 96 acetonitrile/o.1 % formic acid (v/v) three times. The column was then eluted with 200 uL of 70 96 
acetonitrile/o.1 96 formic acid (v/v) twice and then with 50 pL of 100 96 acetonitrile. The eluted 
fraction was dried in a speed-vac and kept in the refrigerator. 


LC-MS/MS. Analytical capillary columns (100 cm x 75 um i.d.) and trap columns (2 cm x 150 um i.d) 
were packed in-house with 3 um Jupiter C18 particles (Phenomenex, Torrance, CA). The long 
analytical column was placed in a column heater (Analytical Sales and Services, Pompton Plains, NJ) 
regulated to a temperature of 45 °C. Dionex Ultimate 3000 RSLC nano-system (Thermo Scientific, 
Sunnyvale, CA) was operated at a flow rate of 350 nL/min over 2 hours with linear gradient ranging 
from 95 96 solvent А (Н.О with 0.1% formic acid) to 40% of solvent B (acetonitrile with 0.1% formic 


acid). 


The enriched samples were analyzed on an Orbitrap Fusion Lumos mass spectrometer (Thermo 
Scientific) equipped with an in-house customized nanoelectrospray ion source. Precursor ions were 
acquired (m/z 400 - 1600 at 120 K resolving power and the isolation of precursor for MS/MS analysis 
was performed with a 1.4 Th. Higher-energy collisional dissociation (HCD) with 3096 collision energy 
was used for sequencing with a target value of 1e5 ions determined by automatic gain control. 
Resolving power for acquired MS2 spectra was set to зо k at m/z 200 with 150 ms maximum injection 
time. 


LTQ-Orbitrap Elite mass spectrometer (Thermo Scientific) equipped with a nanoelectrospray ion 
source was also used. A C18 reverse-phase HPLC column (150 mm x 75 pm i.d.) was used to separate 
the peptide mixture using a 10-2496 acetonitrile/o.196 formic acid gradient for 9o min at a flow rate of 
зоо nL/min. For MS/MS analysis, precursor ion scan М5 spectra (m/z доо - 2000) were acquired 
using the Orbitrap spectrometer at a resolution of 60 K at 400 m/z with an internal lock mass. The 20 
most intensive ions were isolated and fragmented in the linear ion trap by collisionally induced 
dissociation (CID). 


LC-MS/MS data processing. All MS/MS data were searched by М5-СЕ- algorithm (v.9979) and 
MaxQuant (version 1.5.3.30) with Andromeda search engine at 10 ppm of precursor ion mass 
tolerance against the SwissProt Homo sapiens proteome database (20199 entries, UniProt 
(http://www.uniprot.org/)). The following search parameters were applied: semi-tryptic digestion, 
fixed carbamidomethylation on cysteine, dynamic oxidation of methionine, and dynamic BP (delta 
monoisotopic mass: 361.146), Oxidized BP (delta monoisotopic mass: 377.1409 ), and DBP (delta 
monoisotopic mass: 331.1896) of tyrosine residue. The False discovery rate (FDR) was set at « 1 96 for 
peptide spectrum match including unlabeled peptides for both search algorithm. FDR less than 196 
was obtained for unique labeled peptide and unique labeled protein level as well. The extracted ion 
chromatogram (XIC) was plotted by Qual Browser in Xcalibur™ software (Thermo Scientific). 


Western blot analysis of desthiobiotin-phenol labeling. Whole cell lysates (10 ul) were 
separated on a 1096 SDS-PAGE gel. For blotting analysis, gels were transferred to nitrocellulose 
membrane, stained by Ponceau 5 (10 min in 0.196 (w/v) Ponceau 5 in 596 acetic acid/water), and 
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blocked with 2% (w/v) dialyzed BSA and 0.1% Туееп-20 іп Tris-buffered saline (TBST) at 4°C 
overnight or at room temperature for 1 h. The blots were immersed in streptavidin-HRP in blot 
blocking buffer (1:10,000 dilution, Thermo Scientific, cat. no. 2126) at room temperature for зо min 
and then rinsed with blot blocking buffer four times for 5 min (4 x 5 min) before development with 
Clarity reagent (Bio-Rad) and imaging on an LAS 4000. For assessing comparative enzyme 
expression level, the membrane was stripped with stripping buffer (100 mM 2-Mercapto-ethanol, 296 
SDS, 62.5 mM Tris-HCl pH 6.8). Blots were washed 4 x 5 min in TBST buffer, and incubated into 5% 
blot blocking buffer for 1-2 h. Blots blocked again using blot blocking buffer, and then incubated in 
10 mL of primary antibodies (mouse-anti-V5 or mouse-anti-Flag) for 1-2 h at room temperature. 
Blots were washed 4 x 5 min in TBST buffer before incubation in 10 mL of secondary antibody (anti- 
mouse-HRP) in blot blocking buffer for 30-60 min at room temperature. The membranes were then 
washed again 4 x 5 min in TBST buffer before imaging with Clarity reagent (Bio-Rad) as described 
above. 


Fluorescence microscope imaging. For imaging experiments, DBP- or BP-labeled cells were fixed 
with 496 paraformaldehyde solution in DPBS at room temperature for 15 min. Cells were then 
washed with DPBS three times and permeabilized with cold methanol at -20°C for 5 min. Cells were 
washed again three times with DPBS and blocked for 1 h with 296 BSA in DPBS ("blocking buffer") at 
room temperature. 

To detect APEX2-fusion expression, cells were incubated with mouse апн-У5 antibody (Invitrogen, 
cat. no. R960-25, 1:5000 dilution) for 1 h at room temperature. After washing four times with TBST 
each 5 min, cells were simultaneously incubated with secondary Alexa Fluor 488-goat anti-mouse 
IgG (Invitrogen, cat. no. A-11001, 11000 dilution) and streptavidin-Alexa Fluor 568 IgG (Invitrogen, 
cat. no. 51226, 11000 dilution) for зо min at room temperature. Cells were then washed four times 
with TBST each for 5 min and maintained in DPBS on ice for imaging by FVioooSPD (Olympus) of 
UOBC in UNIST, Korea. 


Transmission electron microscope (TEM) imaging Transiently expressed cells or stably expressed 
cells were grown in plastic 6-well plates (Falcon, 353078) to 9096 confluence. Cells were fixed using 2% 
glutaraldehyde (Electron Microscopy Sciences) and 2% paraformaldehyde in ол M in sodium 
cacodylate buffer, pH 7.4. After 30-60 min, the cells were treated for 3 x 5 min in buffer containing 20 
mM glycine to quench the unreacted glutaraldehyde and then washed again in cold buffer 2 x 5 min. 
DAB staining was initiated by adding freshly diluted 1 mg/mL (2.8 mM) DAB (Sigma Aldrich; from a 
stock of the free base dissolved іп ол M НСІ) and 10 mM ЊО, in PBS. After 20 min, the reaction was 
stopped by removing the DAB solution, and the cells were again washed with PBS з x 5 min each. 
Post-fixation was performed using 296 (w/v) osmium tetroxide (Electron Microscopy Sciences) for 40 
min on the ice and cells were rinsed 5 x 2 min each in chilled distilled water. Cells were brought to 
room temperature, washed in distilled water, and then carefully scraped off from the plastic, 
resuspended, and centrifuged at 1500 x g for 1 min to generate a cell pellet. The supernatant was 
removed and the pellet was dehydrated in a graded ethanol series (5096, 6096, 7096, 8096, 9096, 10096, 
10096, 10096) for 15 min each time; then, it was infiltrated into EMBED-812 (Electron Microscopy 
Sciences) using 1:1 (v/v) resin and anhydrous ethanol for 1 h. The second change of 2:1 (v/v) resin and 
anhydrous ethanol was incubated overnight. After removing the resin, the sample was exchanged 
once more with 10096 resin for 2 h before transferring the sample to fresh resin, followed by 
polymerization at 60°C for 24 h. Embedded cell pellets were cut with a diamond knife into 50-nm 
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sections and imaged on а FEI-Tecnai G2 Spirit bio transmission electron microscope (operated at 120 
kV) at the Korea Basic Science Institute in Daejeon and Chuncheon, Korea. 


Plasmids and Cloning 


Plasmids and cloning. Genes were cloned into the specified vectors using standard enzymatic 
restriction digest and ligation with T4 DNA ligase. To generate constructs where short tags (e.g., V5 or 
Flag epitope tag) or signal sequences were appended to the protein, the tag was included in the 
primers used to PCR-amplify the gene. PCR products were digested with restriction enzymes and 
ligated into cut vectors (e.g., pcDNA3, and pcDNAs). In all cases, the CMV promoter was used for 
expression in mammalian cells. The genetic constructs cloned and used for this study are summarized 
in Supporting Table 1. 


Analysis of DBP- and BP-labeled Sites from Bovine Serum Albumin (BSA) 250 pg of BSA was 
labeled with 250 uM DBP (or BP) with 1 ИМ of HRP and 1 mM H,O, in PBS at room temperature. 
After 30 min, the mixture was placed on Amicon filter unit (Merck Millipore, UFC801096) followed by 
centrifugation at 7500 x g for 15 min at 4 °C. PBS was added up to 4 mL followed by centrifugation 
three more times. Finally, the mixture was concentrated ир to 20 – 30 pL with 0.5 mL Amicon filter 
unit (Merck Millipore, UFC501024). After transferred to new e-tube, 100 uL of denaturing solution (6 
М urea, 2 М thiourea, 10 mM HEPES) was added. The solution was reduced using 20 uL of 100 mM 
DTT (dithiothreitol) in 5o mM ammonium bicarbonate (ABC) with shaking at 800 rpm for 60 min at 
56 °C using a Thermomixer (Eppendorf). Protein alkylation was performed by adding 35 uL of зоо 
mM iodoacetamide in 50 mM ABC with shaking at 800 rpm in the dark for 3o min. The final reaction 
volume was adjusted with so mM ABC to 1 mL. Then, 8 uL of 1 mg/mL trypsin gold in acetic acid 
(Promega, V5280) was added. The solution was incubated at 37 ?C with shaking at 400 rpm overnight. 
1 ul of formic acid was added for reaction stop. The solution was desalted with Varian Bond ELUT 
(Agilent, 12109301). 

To characterize the mass spectrometric advantages of DBP- over BP- labeling method, DBP- and 
BP-labeled BSA digest samples were mixed together with equimolar ratio. The equimolar mixture was 
analyzed by LC-MS/MS at identical condition, before and after enrichment of the labeled peptides. 
For enrichment, 30 - 50 ир of equimolar mixture was incubated with 50-150 pL of streptavidin 
magnetic bead (Pierce, 88817) in 25 mM ABC at room temperature. After 1 h, beads were washed with 
PBS three times and eluted by boiling at 95 °C for 10 min after adding 30 uL of 95 96 formamide, 10 
mM EDTA, pH 8.2. The eluent was diluted with 120 uL of 3 96 acetonitrile/o.1 96 formic acid (v/v) 
followed by SPE clean-up; С-18 SPE cartridge (Sigma, cat # 52601-U) was pre-activated with 3 mL of 
MeOH and rinsed with 2 mL of acidified water (0.196 TFA). The diluted eluent was slowly loaded into 
the cartridge (1 mL/min). After washing the cartridge with 4 mL of 95 96 Н.О/ 5 96 ACN /ол 96 ТЕА, 
the cleaned peptides was collected by 1 mL of 80 96 ACN/ 20 96 ЊО/ ол 96 TFA, followed by 
lyophilization in speed-vac. The dried samples were reconstituted with 25 mM ABC for LC-MS/MS 
analysis. 
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Mammalian cell culturing and transfection. HEK-293T cells from ATCC (passages < 30) were 
cultured in a MEM (Gibco) supplemented with 10 % FBS, 50 units/mL penicillin, and 50 pg/mL 
streptomycin at 37 °C under 5 % СО». Cells were grown on two Т75 flasks. Cells were transfected at бо 
- Во 96 confluence using Lipofectamine 2000 (Life Technologies), typically with бо uL Lipofectamine 
2,000 and 12,000 ng plasmid per T75 flask. Cells were desthiobiotin-phenol-labeled and lysed 18 – 24 
h after transfection. 


Desthiobiotin-phenol labeling in live transiently expressed cells (M, L, S, U, ss-APEX2-KDEL, 
APEX2-NES). Cells were grown in two T75 flasks. Cells were transfected or induced at 60 – 80 % 
confluence. After 18 – 24 h, the medium in each flask was changed to 7.5 mL of fresh growth medium 
containing 500 ИМ (ог 250 ИМ for the APEX2-KDEL and APEX2-NES sample) desthiobiotin-phenol. 
The flasks were incubated at 37 °C under 5 % СО, for 30 min according to previously published 
protocols. Afterwards, 750 uL of io mM Н.О, (diluted from зо 96 H,O,, Sigma Aldrich H1009) was 
added to each flask, for a final concentration of 1 mM H5O,, and the flasks were gently agitated for 1 
min at room temperature. The reaction was then quenched by adding 7.5 mL of DPBS containing 10 
mM Trolox, 20 mM sodium azide, and 20 mM sodium ascorbate. Then, the solution was removed, 
and the cells were washed three times with cold quenching solution (DPBS containing 5 mM Trolox, 
10 mM sodium azide, and 10 mM sodium ascorbate). Cells were detached using 7 mL of cold 
quenching solution and centrifuged at 1,500 x g for 5 min at 4 ?C. Cells were resuspended with fresh 
cold quenching solution and centrifuged again. Cells in each flasks were lysed with 1.5 mL RIPA lysis 
buffer (50 mM Tris, 150 mM NaCl, ол 96 SDS, 0.5 96 sodium deoxycholate, 1 96 Triton X-100), 1 x 
protease cocktail (Sigma Aldrich, P8849), 1 mM PMSF (phenylmethylsulfonyl fluoride), 10 mM 
sodium azide, 10 mM sodium ascorbate, and 5 mM Trolox for 10 min at 4 ?C. Lysates were clarified by 
centrifugation at 15,000 x g for 10 min at 4 °C. Then, the two T75 flask samples were combined (~3 
mL). 


Labeled peptide enrichment for transiently expressed APEXs. For removal of unreacted free 
desthiobiotin-phenol, 3 mL of cell lysates was placed on an Amicon filter (Merck Millipore, 
ЏЕС801096) followed by centrifugation at 7500 x g for 15 min at 4 °C. PBS (phosphate-buffered saline) 
containing 1 mM PMSF and 1 x protease cocktail was added up to 4 mL followed by centrifugation 
three more times. Finally, the volume of the cell lysates was reduced to -1 mL and transferred to an 
Eppendorf tube. Then, зоо pL of streptavidin beads (Pierce) was washed with PBS three times and 
added to the sample. The sample was rotated for 1 h at room temperature. The flow-through fraction 
was kept, and the beads were washed twice with PBS. After removing the PBS, 100 uL of denaturing 
solution (6 M urea, 2 M thiourea, io mM HEPES) was added. The solution was reduced using 20 uL of 
100 mM ОТТ (dithiothreitol) in 50 mM ammonium bicarbonate (ABC) with shaking at доо rpm for 
бо min at 56°С using a Thermomixer (Eppendorf). Protein alkylation was performed by adding 35 uL 
of зоо mM iodoacetamide in 50 mM ABC with shaking at доо rpm in the dark for 3o min. The final 
reaction volume was adjusted with so mM ABC to 1,000 uL. Then, 8 uL of 1 mg/mL trypsin gold іп 
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acetic acid (Promega, V5280) was added. The solution was incubated at 37 °C with shaking at ооо 
rpm overnight. The supernatant was transferred to another Eppendorf tube, and 1 uL of formic acid 
was added to terminate the reaction. The beads were washed with PBS four times and eluted by 
boiling at 95°C for 10 min after adding 250 uL of 95 % formamide, 10 mM EDTA, pH 8.2. Then, 750 pL 
of 3 % acetonitrile/o.1 % formic acid (v/v) was added to make a total volume of 1 mL. The solution was 
desalted with Varian Bond ELUT (Agilent, 12109301) or home-made column. 


Desalting method for transiently expressed APEX2 sample. In the triplicate experiments, 
different protocols for the desalting step were tested for method optimization. For transfected 
sample-1 (Mi, Li, Si, U1), a home-made column was used. The end of a 2oo-uL Eppendorf tip was 
blocked with a 3M Empore C8 disk (3M Bioanalytical Technologies, Cat. No. 2214) and ~5 mg of 
POROS Oigo Ко reversed phase resin (Applied Biosystems, Cat. No. 1-1159-06) was added. The 
column was activated by sequential centrifugation at 1000 x g with 100 uL of 3 96 acetonitrile/o.1 96 
formic acid (v/v), 100 uL of 100 96 acetonitrile, and 200 uL of 3 96 acetonitrile/o.1 96 formic acid (v/v). 
Then, the sample was directly added to the column without dilution. The column was washed using 
200 uL of 3 96 acetonitrile/o.1 96 formic acid (v/v) three times. The column was then eluted with 200 
uL of 70 90 acetonitrile/o. 1% formic acid (v/v) twice and then with 50 uL of 100 96 acetonitrile. The 
eluted fraction was dried in a speed-vac and kept in the refrigerator. For transfected sample-2,3 (M2,3, 
L2,3, $2,3, U2,3), Varian Bond ELUT was used, which was activated with 1 mL 3 96 acetonitrile/o.1 96 
formic acid, 1 mL 100% acetonitrile, and 2 mL 3 96 acetonitrile/o.1 96 formic acid (v/v). Then, the 
sample was added to the column for binding (x 2). The column was washed using 2 mL 3 96 
acetonitrile/o.1 96 formic acid (v/v). It was then eluted with 1.4 mL 7096 acetonitrile/o.1 % formic acid 
(v/v) and 500 uL of 100 96 acetonitrile. The eluted fraction was dried in а speed-vac and kept in the 
refrigerator. For ER and Cytosol transfected samples (APEX2-KDEL and APEX2-NES), combined two 
methods. First, Bond ELUT method used. Samples were dissolved in the 0.1 96 formic acid 180 pL and 
home-made column method was used. 


Immunoprecipitation For immunoprecipitation, cells were prepared in wells of a six-well plate. 
After DBP labeling according to ‘Desthiobiotin-phenol labeling in live cells’ section, the cells were 
lysed with Cell Extraction buffer(Life technologies, ЕММооп) containing 1x protease cocktail (Sigma 
Aldrich, P8849), and 1 mM РМБЕ (phenylmethylsulfonyl fluoride) for 3o min at 4 °С. Lysates were 
transferred to e-tube and vortexed for 2 min and lysates were clarified by centrifugation at 15,000 g for 
10 min at 4 °C. 


Dynabeads Protein С (Invitrogen, 10003D) 40 ul were incubated with 4 ug of anti-MICU1 (Abcam, 
ab102830), anti-MICU2 (Abcam, ab101465), anti-STOML2 (Abcam, ab191884), anti-NDUFBio (Abcam, 
ab196019), anti-CHCHD3 (Sigma Aldrich, HPAo42935) antibody during зо min at room temperature. 
The beads were washed two times using PBS with 0.1% Tween 20. Then cell lysates were incubated 
with Protein G beads during 1 h. The beads were washed three times using PBS with 0.1% Tween 20 
and eluted by boiling at 95 °C for 10 min after adding 2X protein loading buffer. Streptavidin-HRP 
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western blot analysis сап be conducted as following ‘Western blot analysis of desthiobiotin-phenol 
labeling’ section. 


Biochemical assay for NDUFBio and STOML2 using Proteinase K. Mitochondria Isolation Kit for 
Cultured Cells (Thermo fisher, 89874) was used for HEK293T cell mitochondria isolation. Isolated 
mitochondria pellet was resuspended in 250 mM sucrose with 10 mM Hepes (pH 7.5). ~10 ug 
mitochondria were treated with different digitonin concentrations (0%-0.1%) or 1% Triton X-100 
along with 50 ug/ml Proteinase K (Sigma Aldrich, P2308) at 4 °C during 15 min. 7 mM PMSF was 
added to stop the digestion and SDS protein loading buffer was added. 


Solvent accessible surface area value calculation Solvent accessible surface area value can be 
obtained by PyMOL program using these commands. 


PyMOLsset dot. solvent, on 
PyMOLsset dot. density, 1 
PyMOL»get area resi X and chain X 


If identical chains are shown within a PDB file, we obtained the average solvent accessible surface 
area over the identical chains. 


Line scan analysis and correlation value calculation of biotinylated proteins of CLPB-APEX2 
This analysis was followed by the reported protocol by Lee et al.? CLPB-APEX2, SCO1-APEX2(IMS), 
ТОМ>о-АРЕХ>(ОММ), Matrix-APEX2 were transfected to HEK293T cell for 24 h. Cells were DBP 
labeled and lysed. Due to lower labeling intensity of CLPB-APEX2, CLPB-APEX2 sample was loaded 
three times more than other constructs for 1096 SDS-PAGE gel running. Barcodes of streptavidin-HRP 
western blot images of Supporting Figure 5c was scanned and analyzed above 25 kDa using Image] 
software (National Institutes of Health, Bethesda, MD, USA) after background subtraction (ball- 
point size: 100 pt, sliding paraboloid) was applied in the software. The resulting graph is shown in 
Supporting Figure 5d. For quantification, we introduced the correlation index С;; to quantify 
similarity between two barcodes i and j. For the given evenly spaced density values po, p4, ..., pw, (Ю) 
for a barcode i indicates the concentration with the mass density ranging рк-1 to py. Given a pair of 
the barcodes I;(k) and 1;(Ю), the correlation C;; is defined as shown in equation (1). 


i КЭУЗ) 


jj SSS — (1) 
[eek nc? PER. уау 


This equation (1) gives a greater ог smaller value when two barcode shapes аге more or less similar, 
respectively, and two identical barcodes results in a maximum value. The result is shown in 
Supporting Figure 5e. 


Supporting Analysis and Discussion 
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Analysis of DBP-labeled Sites from Тгапзтеп у Expressed APEXs 


We performed three independent DBP-labeling experiments each for transiently expressed Matrix- 
APEX2, LACTB-APEX2, SCO1-APEX2, and untransfected HEK293T cells. From the analysis of DBP- 
labeled peptides of 12 independently labeled samples (three each of Matrix-APEX2, LACTB-APEX2, 
SCO1-APEX2 and untransfected cells), we identified 215 unique labeled sites, which were reproducibly 
found in each triplicate of APEX2-labeled samples. Interestingly, we found that Matrix-APEX2 and 
IMS-APEXos labeled distinct sets of tyrosine residues, divided into five groups (Groups I-V) 
(Supporting Figure 4, Supporting Dataset 2). Group I sites (87 sites) were labeled only by Matrix- 
АРЕХ2, and Group II sites were labeled by both LACTB-APEX2 and SCO1-APEX2 but not by Matrix- 
APEX2. Over 95% of Group I and over 85% Group II sites (60 sites) were mapped on the 
mitochondrial proteins with high mito-specificity (Supporting Figure 4). 


We also found many overlapped labeled sites, which were observed in all transiently transfected 
APEX2 samples (Group V). Most of these labeled sites were mapped on the protein components 
(HNRNPAi, HNRNPA2Bi, EIF5A) of the translational complex ^. Abundant cytosolic proteins such as 
chaperone protein (HSPA1A) and cytoskeleton protein (ACTB) were also labeled in Group V 
(Supporting Dataset 2). Thus, we hypothesized that labeling these protein components occurred 
during the translation of APEX constructs and their translocation to mitochondria. Interestingly, 
from untransfected cells, we found only two DBP-labeled sites from one protein, namely, lanosterol 
demethylase or CYP51A1. CYP51A1 is ап ER-localized cytochrome P450 protein, which is a heme 
enzyme.> We found two of its tyrosine residues (Y131 and Y145), which are very close to the heme 
residue, to be DBP-modified (Supporting Figure 4d). 


Bioinformatics analysis of TMEM261 


We further investigated the possibility of TMEM261 as an oncogene computationally, using 
COSMIC database (version 75) 5.Among 9,651 tumor samples with copy number alteration records, 48 
pancreatic tumors showed а copy number amplification of TMEM261. However, among 987 breast 
tumor samples, there was no copy number alteration identified near TMEM261. Out of 8,650 tumor 
samples with gene expression data, we found that 20 pancreatic tumors (1.996 of total pancreatic 
tumor samples) and 86 breast tumors (7.8 96 of total breast tumor samples) showed significant 
ТМЕМ2 1 overexpression, speculating that this mitochondrial protein could have an important role 
in pancreatic and breast cancer. Several recent studies suggested the connection between 
mitochondria and pancreatic cancer through Kras 7, thus the role of TMEM261 in pancreatic cancer 
should be investigated in the future. 
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Supporting Results 
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Supporting Figure 1. Drawback of conventional BP-labeling (a) Scheme of BP-labeling and an 
extracted ion chromatogram (XIC) of a BP-labeled peptide (PVAVGPy*GQSQPSCFDR from 
КОМО: НОМАК) and its oxidized form. (b) Scheme of the labeled products from BP-labeling with 
the same mass but different retention times, via various bond formation between phenoxyl probe and 
tyrosine residue, e.g. C-C or C-O coupling. 
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Supporting Figure 2. DBP-labeling vs. BP-labeling. Improved М51 intensity of DBP-labeled 
peptide over BP-labeled peptide after enrichment by SA-beads in an equimolar mixture of DBP- and 
BP-labeled BSA; XIC from each replicate was displayed separately before (a) and after (b) SA- 
enrichment. (c) MS2 spectra of DBP (upper) and BP (lower) peptides labeled with the same BSA 
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Supporting Figure 3. Similarity of DBP reactivity toward various subcellularly expressed 
APEX2. (a) Streptavidin (SA)-HRP western blot image of BP-labeled whole-cell lysate of various 
APEX constructs (1 MitoMatrix-APEX2, 2: LACTB-APEX2 (IMS), з: Тот2о-АРЕХ2 (OMM), 4: 
APEX2-NES, 5: Pdki-APEX2 (matrix), 6: SCO1-APEX2 (IMS), 7: TRMT61B-APEX2, 8: АТР5)-АРЕХ2, 9: 
MGST3-APEXz2)) (left), and SA-HRP western blot images of DBP-labeled whole-cell lysate of the same 
APEX constructs (right). (b) SA-bead enrichment test of DBP- and BP-labeled proteins by SCO1- 
APEX2. (c) Imaging assay of DBP- and BP-labeled proteins by 5СО1-АРЕХ2. Scale bar = 10 pm. 
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Supporting Figure 4. Identified DBP-labeled sites by transiently expressed APEX2. (а) 
Overview of 195 DBP-labeled sites of transiently expressed Matrix-APEX2, LACTB-APEX2, 5СО1- 
АРЕХ2, and untransfected cells. The table on the left shows the findings of 12 experiments, and the 
table on the right presents the overlap of each labeled site per triplicate experiment. Color intensity 
represents unique spectral counts of each labeled site per experiment for various APEXs. Detail 
information was shown in Supporting Dataset 2. We clustered four exclusively labeled sets (Groups 
I-IV) of DBP-labeled tyrosine residues (total 686 sites) from the three APEX2s results (Supporting 
Dataset 2). Group I sites were exclusively labeled only by Matrix-APEX2 (M), whereas Group II sites 
were labeled by both LACTB-APEX2 (L) and 5СО1-АРЕХ2 (S), but not by Matrix-APEX2. Group III 
sites were exclusively labeled either by LACTB-APEX2 or by SCO1:-APEX2. Group IV sites were 
overlapped between Matrix-(M) and IMS-APEX2 (L or S). (b) Electron microscopic imaging of 
Matrix-APEX2 and 5СО1-АРЕХ2. Scale bar: 200 nm. (c) Mitochondrial specificity check of groups I to 
IV. The number of total labeled sites is depicted over the column. (d) The crystal structure of CYP51A1 
(PDB ID: 3JUV) and its DBP-labeled tyrosine residues are shown in green, and heme is shown in red. 
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Supporting Figure 5. Follow-up study for NDUFBio, STOML2, and CLPB. (а) 
Immunoprecipitation assay by anti- NDUFBio (left) and anti-STOML2 (right) іп SCO1-, LACTB- and 
Matrix-APEX2 DBP-labeled samples. DBP-labeled NDUFB10 was only observed in IMS-APEXz (left). 
DBP-labeled STOML2 was exclusively observed іп Matrix-APEX2 sample. Isolated NDUFBio and 
STOML2 are marked with an asterisk and the eluted heavy chain and light chain of antibody аге 
marked by blank arrows. (b) Imaging of CLPB-V5-APEX2 labeling imaging; the green channel (anti- 
V5) is for enzyme expression pattern; red channel (5А-568), for the DBP labeling pattern; and blue 
channel, for the mitochondrial marker mito-BFP. Scale bar = 10 um. (c) SA-HRP western blot of BP- 
labeled proteins from whole-cell lysates of SCO1-V5-APEX2 (IMS standard), CLPB-V5-APEX2, 
ТОМ>о-У5-АРЕХ> (OMM standard), Matrix-V5-APEX2 (mitochondrial matrix standard) (d) line- 
scan analysis graph of the SA-HRP western blot image (c); x-axis: molecular weight, y-axis: intensity 
(a.u.) (e) Table of calculated barcode correlation value between the line scan analysis graphs for each 
APEX2-labeled sample (d). Correlation analysis heat map (blue: low, yellow: high) 
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Supporting Figure 6. Identified IMM-TM proteins by labeled sites (a) Confirmed IMM-TM 
protein topology by our labeled sites (b) Proposed IMM-TM protein topology by our labeled site 
result. The proposed TM direction is shown in blue. DBP-labeled sites by Matrix-APEX2 are marked 
by green circles with 'D' and either DBP- or BP-labeled sites by IMS-APEX2 are marked with blue 
circles with 'D' or 'B' respectively. Detailed information is shown in the Supporting Dataset 3 and 7 
(c-d) Proposed membrane topology of (c) СОХАП and (d) UQCRQ with the predicted TM domains 
(right) from Dense Alignment Surface (DAS)-TM prediction analysis? (left). Horizontal lines on the 
DAS-TM plots indicate a "strict" 2.2 DAS score cutoff and a "loose" cutoff at 1.7, which represent the 
number of matching segments and the actual location of the transmembrane segment, respectively. 
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Supporting Figure 7. Identified peripheral membrane proteins at IMM by labeled sites (а) 
Confirmed peripheral protein direction at IMM by our labeled sites (b) Proposed direction of 
peripheral proteins at IMM by our labeled site result. DBP-labeled sites by Matrix-APEX2 are marked 
by green circles with ‘D’ and DBP-labeled sites by IMS-APEX2 are marked with blue circles with “Р. 
Detailed information is shown in the Supporting Dataset 3 and 7. 
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Supporting Figure 8. Follow-up study for topology mapping of LETM1. (a) Construct map of V5- 
APEX2-LETM1. V5-APEX2 gene was inserted between 151 and 152 aa of LETM1 gene. (b) V5-APEX2- 
ТЕТМІ labeling imaging; the green channel (anti-V5) is for enzyme expression pattern; the Су5 
channel (SA-AF647) is for the DBP labeling pattern; and the blue channel is for the mitochondrial 
marker mito-BFP. (c) Electron microscopic imaging of V5-APEX2-LETM1. The right image is ап 
expanded view (scale bar: 1 um) of inset red box in the left EM image (scale bar: 2 uum). (d) Schematic 
representation of mitochondrial matrix DAB staining of V5-APEX2-LETM1. (е) LETM1 TM domain 
analysis with the Dense Alignment Surface (DAS)-TM prediction program? revealed two TM domains 
over a strict cut-off value (2.2 DAS score). (f) Proposed LETM1 membrane topology (e), APEX-EM 
results (с), and DBP-labeled sites by Matrix-APEX2 (У141, Y422, Y598). 
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Supporting Figure 9. Follow-up study for OXAiL topology mapping. (а) ОХА. TM domain 
analysis revealed д ТМ domains over a strict cut-off value (2.2 DAS score). (b) Construct map of 
OXA1L(1-435 aa)-V5-APEX2 and OXAiL(1-73 aa)-V5-APEX2, where the V5-APEX2 gene was inserted 
after aa 435 ог 73 of ОХАЛ, respectively. Electron microscopic imaging of OXA1L(1-435aa)-V5-APEX2 
(с) and OXAi1L(1-73 aa)-V5-APEX2 (d). The right image is an expanded view (scale bar: 1 um) of the 
inset red box in the left EM image (scale bar: 2 um) (e) Proposed OXA1L membrane topology with 4 
predicted TM domains from the prediction analysis (a), APEX-EM results (c and d), and DBP-labeled 
sites by Matrix-APEX2 (Y196). (f) Expressed size of OXA1L(1-73 aa)-V5-APEX2 (lane 1) and OXAi1L(1- 
435aa)-V5-APEX2 (lane 2) by anti-V5 western blot. Matrix-V5-APEX2 (lane 3) was used as a control 
for processed size. The size of each construct matched with that expected after cleavage of the N- 
terminal mitochondrial matrix targeting signal peptide (1-72 aa). 
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Supporting Figure 10. Expanded view of MS-identified subunits and labeled sites оп Complex 
I. EM structures of Complex I including supernumerary subunits (PDB ID: 5LDW)?, were shown at 
different axis. The identified subunits either by Matrix-APEX2 and IMS-APEX2 were colored with 
various colors. The labeled tyrosine residues by Matrix-APEX2 were colored in green and labeled 
residues by IMS-APEX2 were colored in blue. Detailed information of the labeled sites and labeled 
subunits of Complex I were shown in Supporting Dataset 6. 
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Supporting Figure 11. Expanded view of MS-identified subunits and labeled sites on Complex 
П and Complex IV. Crystal structures of Complex П (PDB ID: 1ZOY)!° and Complex IV (PDB ID: 
10CC)" were shown. The identified subunits either by Matrix-APEX2 and IMS-APEX2 were colored 
with various colors. The labeled tyrosine residues by Matrix-APEX2 were colored in green and labeled 
residues by IMS-APEX2 were colored in blue. Detailed information of the labeled sites and labeled 
subunits of these complexes shown in Supporting Dataset 6. 
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Supporting Figure 12. Proposed topology of protein-protein interaction of identified 
proteins. Figure legend is shown in the following pages. 
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Supporting Figure 12 (Continued). Proposed topology of protein-protein interaction of 
identified proteins. Proposed topology of several mitochondrial macromolecular complex at IMM 
(e.g. MICOS complex, TIM/PAM complex, PHB complex) and reported mitochondrial protein 
interactions (e.g. Accessory subunits of Complex I, ІШ, ТУ, LETMi-BCS1L, HCCS-FECH, MIA4o-MICU) 
were shown. The proposed TM direction is shown in blue. The proposed new TM domain is shown in 
yellow. Matrix-orphan and IMS-orphan proteins are colored in blue. Reference for each 
mitochondrial protein complex are shown as Pubmed ID (PMID). 
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Supporting Figure 13. Comparative analysis with previous mapped data. Figure legend is shown 


in the following page. 
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Supporting Figure 13 (Continued). Comparative analysis with previous mapped data (a) 
Overlaps of the identified DBP-labeled sites and the identified BP-labeled sites in previous studies 
(left). Overlaps of the identified proteins based on the DBP-labeled sites and the identified proteins 
based on the BP-labeled sites in previous studies. (b) Overlaps of the proteins identified by our new 
approach (Spot-ID) and the proteins identified by the previous approach based on the unlabeled 
peptide in previous studies. (c) Immunoprecipitation assay by using anti-CHCHD3 in SCO1-, LACTB-, 
апа Matrix-APEX2 DBP-labeled samples. DBP-labeled CHCHD3 was only observed іп 1М5-АРЕХ25 
(WB: SA-HRP), Total CHCHD3 was similarly enriched in all of the samples (WB: anti-CHCHD3). (d) 
Scheme of previous protein ID method by unlabeled peptide (upper). (e) Scheme of current Spot-ID 
method (below) by labeled peptide. 
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Supporting Figure 14. Scatter plot of MSı intensity versus intensity ratio of (a) DBP-/BP-labeled 
peptides and (b) histograms of labeled PSMs and unique labeled sites from human HEK293T cell 
lines expressed by Matrix-APEX2 (M), LACTB-APEX2 (L), SCO1-APEX2 (S), and TMEM261-V5-APEX2 
(T). (c) Reproducibility plots of DBP-labeled peptides between replicate mass samples. 
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Supporting Figure 15. ER luminal proteome mapping by ss-APEX2-KDEL construct. Overview 
of 57 DBP-labeled sites by transiently expressed ss-APEX2-KDEL in HEK293T cells. The MS analysis 
of these labeled sites of ss-APEX2-KDEL were conducted by LTQ-Orbitrap Еше (CID). The table 
shows the findings for each reproducibly labeled site per biological replicate experiment. The color 
intensity represents number of peptide spectra match of the labeled peptides per unique labeled site 
over the replicate experiment. Each labeled site was matched to previous subcellular organelle 
annotation (e.g. ER and cytoplasm). Detailed information is shown in the Supporting Dataset 5. 
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Supporting Figure 16. Imaging assay of Matrix-pBirA-HA construct. Matrix-pBirA-HA was 
transiently expressed in HEK293T cells by Lipofectamine transfection. After 24 h, cells were fixed and 
permeabilized. Subcellular localization of Matrix-pBirA-HA was visualized by anti-HA 
immunofluorescence and its biotinylated pattern was visualized by Streptavidin-AF647. Scale bar = 10 
um. 
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Supporting Figure 17. Proteinase K digestion assay for NDUFBio and STOML2. Localization 
analysis was performed according to (Sato and Mihara, 2010). HEK-293T cell crude mitochondria 
were isolated by Mitochondrial isolation kit (Thermo Fisher). After isolation, the mitochondrial 
pellet was resuspended in 280mM sucrose with 10mM Hepes buffer (pH 7.2). Isolated mitochondria 
(10 ug per condition) were treated with different digitonin concentrations (096-196) or 196 Triton Х-100 
along with 50 ug/ml Proteinase K (PK) on the ice for 15 min. 
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Supporting Figure 18. MS/MS spectra of DBP-labeled peptides. MS/MS spectra of DBP-modified 
peptide from LETMi (by Matrix-APEX2), OCIAD1 (by SCO1-APEX2), NDUFBio (by LACTB-APEX2), 
and RCN2 (by TMEM261-APEX2) were shown. 
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Supporting Figure 19. 'H NMR spectrum of Desthiobiotin phenol (іп CDjOD) 
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Supporting Figure 20. ЗС NMR spectrum of Desthiobiotin phenol (іп 46-ОМ5О) 
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